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SUMMARY 
Aircraft fuel systems have traditionally been analysed and designed using graphical methods 
and relied heavily on test rigs for flight clearance. Even with the advancements of the aircraft 
fuel systems themselves the methods of design and analysis have changed little from those 
used on early aircraft. This research considers the analysis and design of aircraft fuel systems 
using computational methods through the application and development of commercial 
software. Three software packages have been selected and used throughout this research. 
Flowmaster and Bathfp network analysis packages which provide a means of analysing the 
fuel system for both steady state and dynamic operation. Star-CD a Computational Fluid 
Dynamics package which provides a means of modelling the operation of individual 
components. A programme of testing of combining 'Y' junctions has also been undertaken. 
This testing serves two purposes. It provides a means of validating Star-CD to the modelling 
of component losses, particularly combining 'Y' junctions, and allows data available on 
combining 'Y' junctions to be extended to included angles of 300. 
Consideration is given as to how Flowmaster and Bathfp model the components and conditions 
which are specific to aircraft fuel systems, or have a specialised application for aircraft fuel 
systems. Development of component models and methods within this research to enable 
aircraft fuel systems to be modelled by Flowmaster and Bathfp are presented. 
The application of Flowmaster, Bathfp and the models developed within the research to the 
modelling and simulation of aircraft fuel systems is considered. A design procedure for 
aircraft fuel systems detailing the application of the three selected packages is presented. 
The thesis is concluded with two case studies which illustrate the application of the three 
software packages to the simulation of aircraft fuel systems. These studies illustrate points 
made throughout the thesis. 
The application of computational methods, and particularly the three selected software 
packages, to the design and analysis of the aircraft fuel system enables a greatly increased 
number of analyses to be undertaken in a reduced time scale. All three packages have shown 
good comparison of results to both test rig and flight data. Ultimately the application of 
computational methods to the design and analysis of aircraft fuel systems should result in a 
better quality, safer design, at a reduced cost. 
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Aircraft and their fuel systems have advanced significantly from early aircraft when fuel 
systems simply supplied fuel to the engines and there was little restriction on space and 
positioning of tanks. With the advancement in aerodynamic design and the introduction of 
the gas turbine engine there became a requirement for todays aircraft to travel further and 
faster. As a result, fuel systems have developed considerably fr om their predecessors. In line 
with this development has been the tightening of airworthiness safety requirements [1]. 
Todays aircraft fuel systems can be considered as highly complex fluid networks that not only 
supply fuel to the engine, but can also provide control of the position of the centre of gravity 
(cg) of the aircraft, provide wing bending relief and may aid in passive flutter alleviation 
during normal flight, and act as a heat sink to other systems. Typically a modem large 
transport aircraft's fuel system will contain in excess of thirty control valves, fifteen pumps 
and numerous specialised components, all of which are required to perform in both the heat 
of a tropical day (54°C) and the cold of the troposphere (-50°C). 
Unlike the advancement of the fuel systems themselves, the methods of design and analysis 
have not advanced in the same manner and the methods of today are similar to those used on 
early aircraft. Research to date has been limited to very specific models that are required to 
yield results for a limited number of cases. They have been concerned only with analysis of 
the distribution of fuel and its effects on aircraft centre of gravity (cg) [2,3], and analysis of 
fuel temperatures [4,5]. None of the above development activities have been concerned with 
the modelling of the aircraft fuel system with respect to its pressures and flow rates. 
The design of fuel systems currently relies heavily on experience gained from earlier aircraft 
programmes and test rig results. The analysis to verify the operation of the design has been 
based around steady state graphical methods. These methods are adequate for simple systems 
with a steady state response. When the size and complexity of today's aircraft fuel systems 
are considered, together with their analysis requirements, the application of these graphical 
methods is severely stretched. The number of analyses required to verify the system, both 
from an operational and safety point of view, are now very large. There is now an increasing 
requirement for the use of dynamic analysis of these systems, and the application of graphical 
methods to dynamic modelling is impractical. 
Fuel system components are rarely available 'off the shelf, due to the stringent safety 
requirements and extremes of operation. Often the only performance data available is limited 
data from supplier testing. For some components, such as complex shaped junctions, this 
1 
performance data is not even available. In these circumstances the only means of obtaining 
this performance data is by costly rig testing, or approximating from other known components. 
Thus, the need for a means of analysing the operation of the fuel system and the performance 
of components more efficiently and accurately is quite clear. The most efficient and accurate 
means are computational methods. In the past, the use of computational methods has not been 
possible due to the limited computing power available. With the recent advancements in 
computing this is no longer the case. This research has been undertaken to develop methods 
and procedures appropriate to the design and analysis of aircraft fuel systems [6,7]. 
The aim of this research is to provide the fuel system design engineer with a set of tools and 
methods which enable detailed design and simulation of the fuel system prior to testing and 
flight. These are divided into two types. Network analysis which provides a means of 
analysing the fuel system for both steady state and dynamic operation. This will ultimately 
lead to the modelling of the fuel system during a complete flight. The second type, 
component modelling, provides a means of evaluating the performance of the individual 
components, which will then be used within the network analysis methods. 
Application of these tools enables analysis of the system to be carried out in a greatly reduced 
time scale, thus cutting the development time from concept to first flight. Through the use 
of simulation the fuel system design engineer will gain an increased understanding of the 
system's performance and be able to investigate different design alternatives. Ultimately this 
should result in significant cost savings plus an improved, safer design. 
From the outset it was decided to base the research around commercially available software. 
This decision was made for a number of reasons. Firstly the methods and procedures 
developed from this research are to be used in an industrial design environment. As such they 
require a simple, yet comprehensive, user interface, so that the computational methods 
themselves do not hinder or obscure the design and analysis. This is best achieved with 
commercial software, which requires these features for it to be viable. Secondly, the use of 
commercial software takes advantage of the investment and knowledge incorporated in the 
software, particularly the user interface and component libraries. Thirdly, commercial software 
packages are flexible by nature and this is the requirement to model the diversity of operation 
and design for different aircraft types. 
2 
Structure of Thesis 
The thesis begins by explaining the operation and characteristics of the various sub-systems 
which make up an aircraft fuel system. This is the basis of Chapter 2. 
Chapter 3 considers network modelling. Throughout this research two analysis packages, 
Flowmaster and Bathfp have been used. This Chapter introduces these packages and explains 
the reasons for their selection. It gives a limited description of the theory used in each 
package and briefly describes their operation. The Chapter concludes with a summary of the 
various attributes and limitations of each method. 
Chapter 4 considers component modelling. It outlines the various methods available for 
modelling components, and considers in more detail the application of Computational Fluid 
Dynamics (CFD). The CFD package used throughout this research, Star CD, is introduced, 
and a brief outline of its theory and operation given. 
As part of this research a programme of testing of combining 'Y' junctions was undertaken. 
Chapter 5 contains the results of this work. The testing serves two purposes. It enables the 
data available on combining 'Y' junctions to be extended down to included angles of 30°, and 
provides a means of validating Star-CD for modelling component losses, in particular 
combining junctions. A description of the test work and the development of the CFD model 
is given along with a discussion of the applicability of both the test results and CFD results 
for the 30° 'Y' junction. 
Flowmaster and Bathfp are the two packages used for network analysis. Chapter 6 considers 
how these two packages model the various components and conditions of fuel systems. It 
explains the development of models and methods within this research for the cases where no 
suitable model is available in the package. 
Chapter 7 considers the application of the computational methods to the modelling and 
simulation of aircraft fuel systems. It considers the suitability of each package to various 
typical modelling requirements and explains the application of the packages to the design of 
the fuel system. 
Chapter 8 concludes the thesis with two case studies which illustrate the application of the 
three chosen software packages to the simulation of aircraft fuel systems. They are used to 
not only illustrate the points made throughout the thesis but also to highlight, by practical 
example, typical problems that may be encountered. ' 
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CHAPTER 2 
AIRCRAFT FUEL SYSTEMS 
The aircraft fuel system can be defined as all aspects of the aircraft concerned with the storage 
and use of the fuel extending from the connection of the fuel pipe to the engine and Auxiliary 
Power Unit (APU). 
An aircraft fuel system can be broken down into six main areas of operation. 
- Fuel Storage. 
- Refuel. 
- Engine Feed. 
- Fuel Transfer. 
- Fuel Recirculation. 
- Venting. 
In this Chapter the requirements and design of each of these sub-systems is discussed to set 
the context for the material presented in the rest of the thesis. 
2.1 Aviation Fuel 
Aviation fuels are required to operate in temperatures which can range from the heat of a 
tropical country, 54°C, to a temperature of -50°C at 40,000ft and arctic conditions of -20°C. 
The most widely used fuel for civil aircraft use is. a kerosene based fuel to the American 
Society for Testing Materials specification ASTM D 1655 JETA. A similar fuel JETA-1 is 
also in common use and has a lower freeze point. A third type of fuel to the same 
specification is JETB which has a much lower freezing point but is not in wide usage and is 
only usually used in arctic conditions. However its use as a secondary fuel must be accounted 
for. The properties of all these fuels vary with altitude and temperature changes, and the 
operation of the fuel system and its components must be considered at all possible 
combinations of fuel, temperature and altitude. JETB can cause many penalties in the design 
due to its higher volatility at elevated temperatures, in many cases the critical design 
consideration being 'hot' JETB. Generally for all fuels increases in temperature and/or altitude 
reduce the performance of the components within the fuel system, and this is most marked 
with JETB. This is illustrated in Figure 2.1, which shows a typical pump characteristic for 
JETA at sea level and a temperature of 20°C and the degraded characteristic for JETB at 
40,000ft and a temperature of +54°C, thus showing the extremes of performance. 
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2.2 Fuel Storage 
2.2.1 Requirements 
The fuel storage system is designed to store the amount of fuel necessary for the sector to be 
flown and measure the fuel quantity onboard at all times on the ground and in flight. Other 
possible requirements are the provision in the layout of the tanks for control of aircraft centre 
of gravity (cg), provide a heat sink capacity for other systems (covered in Section 2.6), supply 
bending relief and possibly aid in passive flutter alleviation during normal flight. 
2.2.2 Tank Arrangements 
The position and number of tanks can vary from a single tank in each wing, Figure 2.2, to a 
multi-tank arrangement, Figure 2.3. These can include more than one tank in the wing, and 
tanks in the fuselage and the tail plane. The inclusion of these tanks can be solely to increase 
the capacity and range, or for safety or structural reasons. 
2.2.2.1 Wing Tanks 
Wing tanks are found on the majority of aircraft and in the case of turboprop and some short 
range jet aircraft these may be the only type of tanks in use. Generally the wings will be sub- 
divided into two or more tanks for both safety and aerodynamic reasons. From a safety point 
of view this is important so that should a tank rupture all the fuel is not lost, or if the fuel in 
a tank becomes contaminated (for example with hydraulic fluid) the contamination is 
contained. Aerodynamic considerations can lead to the inclusion of a small outboard tank to 
allow for bending relief due to the aerodynamic forces causing an upwards bend on the wing 
tip. Ideally, the volume of these outboard tanks will be equal to the mandatary fuel reserves: 
bending relief is then supplied throughout the majority of flights. Provision can also be made 
to aid in passive flutter alleviation during normal flight with similar methods. 
Wing tanks contain large volumes of fuel with large surface areas and small heads. Changes 
to aircraft attitude can cause movement of large quantities of fuel resulting in trim changes. 
Adequate baffling is required to restrict this movement sufficiently, yet allow the fuel level 
throughout the tank to remain constant. In the case of very large delta planforms, " such as 
Concorde, unrestricted movement can cause structural failure and thus extensive subdivision 
of the tank is required. In the case of Concorde, subdivision into thirteen tanks was used, 
Figure 2.4. 
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2.2.2.2 Centre Tank 
Centre tanks are generally positioned in the fuselage between the wings and are of a single 
tank construction. They can be extended to the belly fairings between the fuselage and wing 
when additional fuel capacity is required. They are usually found on long haul aircraft and 
are sometimes optional on medium haul aircraft to increase their range for intercontinental 
routes. Fuel from the centre tank is generally available to feed all engines. The engine feed 
system is usually arranged such that the centre tank fuel is the first to be depleted, because 
it is not used to aid the structural or aerodynamic characteristics of the aircraft. The fuel from 
the centre tank can be fed direct to the engines or transferred into engine feed tanks. 
2.2.2.3 Trim Tank 
When fitted, a trim tank is generally positioned in the tail plane, although it may be positioned 
in the fin as on the Super VC10. The additional capacity is not usually required to meet range 
performance, the fuel only being used for trim purposes where the additional moment arm of 
the fuel enables the negative incidence of the tail plane to be reduced. 
2.2.2.4 Surge Tanks 
Surge tanks are connected into the vent system and retain fuel spilling through the vent pipe, 
either at refuel overflow or during taxiing as explained in Section 2.7. 
2.2.2.5 Additional Centre Tanks (ACT) 
These tanks are generally placed in cargo bays, so reduce the cargo that can be carried. They 
are designed to fit into the space of standard cargo containers. They are not usually fitted as 
standard but at a customers request where range is more important than cargo capacity. The 
ACT's do not feed the engines directly but transfer their fuel into the other tanks as required. 
2.3 Refuel 
2.3.1 Requirements 
The refuel system is required to fill all, or a specified number of the aircraft fuel tanks within 
a designated time, whilst maintaining system pressures below a value to ensure structural 
integrity. The time for refuel can vary from aircraft to aircraft but generally, for a commercial 
jet airliner is approximately thirty minutes when utilising all refuelling points. 
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23.2 Refuel System Design 
Refuelling is nearly always carried out under pressure to enable the tanks to be filled in a 
specified period. The refuel rates of the individual tanks are designed so that each tank 
requires a different time to fill. This is because the quantity of fuel on board is dependent on 
the sector to be flown, and the distribution of the fuel to the tanks is dependent on the total 
quantity on board. This is illustrated in Figure 2.5 where the horizontal axis represents the 
total fuel mass on board and the vertical axis the mass of fuel in each tank. To achieve the 
required fuel distribution for all flight sectors the aircraft will have a phased refuel based on 
the distribution of Figure 2.5. 
The quantity of fuel required for each tank is set either manually or by the aircrafts fuel 
computer (Section 2.8), and the tank inlet valves shut off when this quantity is reached. If the 
tank is being filled to capacity, a high level sensor may be used to shut the valve. In modern 
aircraft valve shut off is usually controlled by the aircraft's fuel computer (Section 2.8). The 
valve closure time is set between two and five seconds to keep any pressure surge to a 
minimum. 
Hydro-carbon fuel can build up an electrostatic charge during distribution, so care is taken 
in the design of the refuel system to keep this to a minimum. Anti-static additives are 
commonly used, and these though not mandatory, reduce the ability of the fuel to maintain 
the charge. Electrostatic charges can also occur in fuel mist, and the charge is greatly 
increased by agitation of the mist. It is therefore important to ensure that the fuel is not 
sprayed into a tank. Too aid in this, the fuel usually enters the tank through diffusers 
(Figure 2.6), these are specialised components which allow the flow to enter the tank with the 
minimum of spray. This is achieved by the fuel exiting the diffuser through the large base 
area hence with a low flow rate and less tendency to cause spray. To further aid in reducing 
spray the diffusers are usually placed at low points in the tank so are quickly submerged. The 
diffusers may also be placed a distance apart (Figure 2.7), allowing any charge in the fuel on 
entering the tank to disperse before the two flows meet. 
23.3 Refuel System Arrangements 
There are two systems which can be used to distribute the fuel to the tanks, one using a refuel 
gallery and the second a manifold at the coupling, as illustrated in Figure 2.8. Refuel galleries 
have the advantage of requiring the minimum number of pipes and valves but can suffer from 
surge pressures, though these are reduced in magnitude due to the valve closure times outlined 
in Section 2.3.2. Manifold couplings do not suffer from surge pressure problems because the 
tank inlet valves are usually located near the refuel coupling, but require duplication of the 
system when couplings are on both sides of the aircraft as shown Figures 2.8b. 
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23.4 Refuel Coupling 
The refuel coupling on the aircraft is of an international standard and nominally 2'fß" diameter. 
The refuelling hose is connected to the coupling by a bayonet type connection, which once 
connected allows self sealing valves on the aircraft and hose to be operated. These valves 
must be closed before the hose is disconnected, to prevent spillage of fuel. 
The number of refuel couplings are to an extent dependent on the size of the aircraft. Large 
aircraft such as the Airbus A340 and Boeing 747 will require up to two couplings to achieve 
refuel within a reasonable time, but smaller aircraft such as the Airbus A320 or Boeing 737 
will be adequately served with a single coupling. The aircraft is designed with a refuel 
coupling(s) on one side only, but the majority of airlines specify couplings on both sides for 
flexibility of operation. 
2.3.5 Ground Equipment 
All ground refuelling equipment supplies fuel to the aircraft at a maximum pressure of 
50±5psi. It is required for the valves on the ground equipment to operate quicker than those 
on the aircraft to prevent pressure surges from the equipment reaching the aircraft. There is 
no international standard on this, but the large oil companies ensure their equipment meets this 
requirement so they are not held responsible for damage to the aircraft due to pressure surges 
from their equipment. 
The delivery of this fuel to the aircraft can be from either hydrants on the apron or refuel 
tankers dependent on the facilities at the airport. Both systems have the necessary equipment 
to ensure the fuel is supplied to the aircraft at the correct pressure and flow rate. 
2.4 Engine Feed 
2.4.1 Requirements 
The requirement of the engine feed system is to supply fuel to all engines at all times. This 
is a flight safety function so additional requirements are laid down by the Joint Airworthiness 
Regulations (JAR) JAR 25 851 to 961 and 991 [1]. The main requirements are summarised 
below. 
- Each engine must have a separate feed system for independence. 
- Engine feed to be maintained both during and after five seconds negative or 
zero gravity (g). 
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- After an engine(s) loss, all the remaining fuel is to be usable by the remaining 
engine(s). 
- Fuel supply must be maintained to the engines if all normally generated 
electrical power is lost. 
- Engine rotor burst should not destroy the feed system to the other engine(s) 
or result in the loss of fuel that would prevent the aircraft reaching an airport 
in the event of a diversion. 
- An emergency standby pump shall be provided for each main pump. 
2.4.2 Engine Feed System Types 
Two principal engine feed systems are in general use to meet the above requirements. The 
first is a direct feed system with a main feed tank for each engine, and an alternate feed tank 
for each engine. The second system is a transfer system in which each engine has a single 
dedicated feed tank, alternate feed being taken from the feed tanks of other engines. In both 
types of system the feed tanks are generally wing tanks. 
The direct feed system has been the preference in the USA, and the transfer system in Europe. 
Both methods have their advantages and disadvantages. The disadvantages of the direct feed 
systems are: 
- They. require a reliable automatic means to switch feed when one tank empties 
without inducing air. 
- If more than one engine is fed from one tank, fuel contamination will affect 
more than one engine. 
- They are heavier and more expensive than transfer systems, requiring 
additional pumps in the alternate feed tanks. 
The disadvantages of transfer systems are: 
- If the transfer systems fail there may be a large amount of unusable fuel, or 
a risk of tank overflow. 
- They are more complex than direct feed systems. 
2.4.3 Negative 'g' Protection 
There are two principal methods of ensuring fuel supply during the mandatory five seconds 
of zero or negative 'g'. Both methods can be applied to the direct feed and transfer feed 
systems. 
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2.4.3.1 Collector Cells 
This method is shown in Figure 2.9, in which the pumps are mounted in a collector cell in the 
main tanks in a position convenient for structural and other considerations such as rotor burst. 
The collector cell is maintained full, often by one or more jet pumps. The pumps used to 
supply the engines are simple centrifugal type with the fuel flowing directly into the impeller. 
Negative 'g protection is achieved by the volume of fuel in the collector cell ensuring that the 
flow to the engines will not uncover the pump inlets during the zero or negative 'g' manoeuvre 
as shown in Figure 2.9. 
If electrical power is lost, feed to the engines is achieved by gravity through the pumps. If 
the pressure loss of the stationary pump is too great, a by-pass inlet located at the lowest 
point in the tank may be used. Negative 'g' protection is maintained during electrical power 
failure as long as the fuel level in the wing is above the top of the collector cell. 
Collector cells may not be appropriate for aircraft which require the majority of their reserve 
fuel to be used for bending relief throughout normal flight. This is because fuel must be kept 
for both bending relief and to ensure sufficient is present in the collector cell to provide for 
five seconds of negative 'g' protection. In smaller aircraft this may significantly exceed the 
required reserve fuel adding to the weight. For this reason collector cells are usually found 
on large aircraft or smaller aircraft which do not require bending relief throughout normal 
flight. 
2.4.3.2 Remote Entry Pumps 
This arrangement is shown in Figure 2.10, in which the pumps are mounted in a suitable 
position for structural and other considerations, such as rotor burst, with their remote inlets 
at low points in the tank. 
Negative 'g' protection is afforded by the amount of fuel already in the remote inlet pipe 
allowing the engines to run for the mandatary five seconds. To minimise the time for which 
inlets are uncovered they are spread fore and aft. The pumps are fitted with a positive reprime 
element, which enables rapid reprime and feed pipe pressurisation. The air which has entered 
the feed system is removed by an air release valve which will be designed to operate at any 
pressure. The design of this valve, shown in Figure 2.11, uses a ball which 'floats' thereby 
closing the valve when fuel is present. 
During electrical power failure, feed to the engines is ensured through a gravity by-pass inlet 
located at the lowest point in the tank. Gravity feed is not generally provided through the 
pump, because remote inlets can suffer from icing on the inlet filter of the pipe as there will 
be no pump agitation at this point. 
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Negative 'g' protection using remote inlet pumps is complicated by the requirement for a 
positive reprime element on the engine feed pumps. For this reason they are only usually 
found on aircraft where collector cells are inappropriate. 
2.4.4 Centre Tank Usage 
If a centre tank is fitted its fuel is generally used first, because the centre tank fuel is only 
used to feed the engines and not for structural or aerodynamic reasons. The engine feed can 
either be taken from it directly, or it can be transferred into the main feed tank. If the centre 
tank is used to directly feed the engines, the centre tank pumps require greater head than the 
wing tank pumps to ensure engine feed is taken from the centre tank. This can be achieved 
using the same pumps in the wing and centre tank, with the wing tank pumps derated with 
pressure relief valves. Alternatively a different higher rated pump may be fitted. 
2.5 Fuel Transfer 
2.5.1 Requirements 
The fuel transfer system is required to ensure that the fuel is distributed to the correct tanks 
so that: 
- Engine feed tanks are always full. 
- Tanks providing bending relief or flutter alleviation are kept full for the 
maximum possible time. 
- The correct quantity of fuel is maintained in the trim tank to ensure the drag 
of the aircraft is kept to a minimum as described in Section 2.2.2.3. 
2.5.2 Fuel Transfer Methods 
There are four methods of transferring fuel between tanks: 
- Mechanical Pumps. 
- Jet Pumps. 
- Tank Air Pressure. 
- Gravity. 
2.5.2.1 Centrifugal Pumps 
Centrifugal pumps are only dependent on an electrical supply and easy to control. Although 
a simple low pressure pump may be satisfactory, usually the same type of pump as is used in 
the engine feed system is used for commonality, together with some means of derating the, 
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pump. The main disadvantages of mechanical pumps are that they are heavy and expensive, 
and consume power. 
2.5.2.2 Jet Pumps 
A jet pump [8,9], Figure 2.12, is a pump which utilises a stream of fluid at a high pressure 
and flow rate to entrain a secondary fluid. It consists of a nozzle, a suction inlet, mixing tube 
and generally a diffuser. The primary fluid, commonly known as the motive flow, exits the 
nozzle into the mixing chamber. On meeting the slower secondary flow, commonly called the 
suction flow, a dragging action occurs at the boundaries of the two flows, resulting in a 
mixing of the two flows and momentum transfer. At the exit of the mixing tube the 
momentum of the two flows should be equal. The diffuser is used to recover static head. 
The jet pumps use a bleed of fuel from the engine feed pumps for the motive flow. The 
capacity of the engine feed pumps is not usually increased for this bleed because they are 
sized for take off flows so have excess capacity in cruise. The advantages of jet pumps are 
that they are light, simple and do not require an additional power source. The disadvantages 
are their very low efficiency, generally not exceeding 35% and their dependence on the engine 
feed pumps. If these are inoperative, no motive flow is provided so the jet pumps are 
inoperative, and if demand on engine feed is high the jet pump performance degrades. 
2.5.2.3 Gravity Transfer 
This is a very simple system when the difference in heads is adequate to provide sufficient 
flow. There are a few possible problems to be aware of when using such a system. 
- Transfer may not be possible at all attitudes, particularly in climb. 
- The transfer rate will change as the delivery tank empties, particularly if the 
majority of the head difference is in the tank. 
- If the two tanks are not connected to the same vent system, the air pressure 
can either increase or even decrease to an extent which will prevent fuel 
transfer. 
Gravity transfer is commonly used for transfer of fuel from the trim tank to centre tank, and 
the outer wing tank to inner wing tank. 
2.5.2.4 Tank Pressure Transfer 
This method uses differential air pressure in tanks to transfer the fuel. It is not very often 
used within civil aircraft, but is very common in military aircraft. Its only application in civil 
aircraft is for transfer of fuel from additional centre tanks (ACTs) since it is neither convenient 
12 
or advisable to run power supplies. The ACTS are within the pressure hull of the aircraft so 
there internal pressure is kept below cabin pressure to minimise the risk of leakage. However 
the ACT is pressurised above the pressure of the tank they are transferring to. The air to 
pressurise the tank is taken from either the pneumatic system or directly from the cabin air 
with appropriate reduction of pressure. 
2.6 Fuel Recirculation 
2.6.1 Requirements 
The requirement of the fuel recirculation system is to cool the Integral Drive Generators (IDG) 
oil with the engine feed fuel flow, and return any excess fuel used for cooling to the tank. 
The return flow to the tank will be controlled to ensure the temperature of the fuel remains 
within safe limits both during return and within the tank. 
2.6.2 Operation of Recirculation System 
Cooling of the IDG's on a modern commercial aircraft is achieved by using either air or fuel. 
The use of air cooling is costly in terms of drag and additional weight, whereas cooling by 
fuel recirculated to the tanks requires additional control of the temperature of the fuel. 
However in many cases this is preferred to the increase in drag. 
Cooling is achieved by passing the fuel to the engines through a heat exchanger to allow the 
IDG oil to cool. The flow rate to the engine will be adequate to cool the IDG during take off 
but may be marginal for cruise conditions. At flight idle and during a long taxi out, when the 
fuel will be hot, the flow rate will be insufficient to provide the cooling required. At these 
times the flow rate to the engine is increased to allow the IDGs to cool and the excess flow 
is returned to the tanks. The returned fuel can be up to a temperature of 100°C which is 
around the limit for aluminium structures. Provision is therefore made to mix this with the 
colder fuel, and monitor and control the temperature by cycling the fuel recirculation on and 
off if required. The system will be designed for cooling with maximum electrical load on a 
long taxi out in hot climate. 
2.7 Fuel Venting 
2.7.1 Requirements 
The requirements of the vent system are summarised below. 
- To allow air to enter and leave the tanks without exceeding the pressures 
allowable in the tanks from structural or fuel system considerations. This is 
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to be achieved with the tanks filled to the required capacity and without 
spillage of any fuel in all normal operating conditions of aircraft attitude and 
acceleration. 
- To prevent excessive pressure in the tanks in the event of refuelling systems 
or transfer systems failing to stop the flow at the required level. 
- To discharge fuel safely from the aircraft should an overflow occur. 
- To prevent ignition of vapour at the tank outlet propagating to the tanks. 
- To maintain near equal pressure distribution in all tanks, and to allow fuel to 
move freely on change of attitude. 
The following are secondary requirements. 
- To prevent tank over pressure due to an internal pipe failure. 
- To provide some tank pressurisation to reduce fuel vaporisation or assist the 
engine feed system when all pumps have failed. 
- To ensure no spillage due to the accelerations experienced during a crash. 
- To minimise fuel spillage during zero or negative g conditions. 
2.7.2 Vent System Design 
The vent system consists of a series of pipes connecting each tank to the atmosphere via the 
surge tank. The outlet from the surge tank is usually a flush fitting NACA intake designed 
to resist icing, Figure 2.13. This intake produces a small amount of ram air pressure (about 
0.25psi in cruise) providing a small amount of tank pressurisation. 
An adequate number of vent pipes have to be provided in each tank to ensure they are 
adequately vented to maintain pressures within structural limits. With changes of attitude and 
wing bend from ground to flight conditions vent inlets become covered in fuel, particularly 
when the tank is full, provision has to be made to ensure the fuel does not pass out of the 
aircraft at these times. This is usually provided by an 'air no fuel' valve at the pipe entrance. 
To meet the requirement of discharging fuel safely from the aircraft in the event of an 
overflow, at least one of the vents in the tank is required to be open ended. A rise is usually 
provided on this vent line to ensure fuel does not leave the tank when the vent inlet is covered 
due to fuel movement. 
The surge tank is provided to retain any spillages of fuel through the vent system. The major 
causes of spillage are fuel spray during refuel, spillage during taxi turns when tanks are full, 
and the high aircraft pitch experienced during the climb-out after take off with full tanks. 
14 
Spilling continues until the manoeuvre is completed or the air space in the tank reaches the 
vent spilling the flow. The deceleration of an aborted take off can cause fuel spillage which 
can also spill out of the surge tank, leading to fuel spilling on hot brakes creating a risk of 
combustion. A flame trap may be fitted into the vent inlet to prevent propagation of the flame 
into the tanks. 
2.8 Fuel System Computer 
In modem commercial aircraft the control of the operation of the fuel system is generally by 
means of a fuel system computer. The operation of this computer can be broken down into 
two areas: 
- Fuel Quantity Indication (FQI). 
- Operational Control of Fuel System. 
2.8.1 Fuel Quality Indication (FQI) 
The FQI system measures the quantity of fuel within the individual tanks of the aircraft. This 
is usually achieved with probes situated throughout the tanks, the electrical capacitance of 
which is proportional to the height of fuel on the probe. Each of the probes has a volume of 
the tank allocated to it, Figure 2.14. For each of these allocated volumes, there is a volume- 
height relationship. From this data the volume of fuel in the tank is determined. In addition 
to the probes a densiometer is included within the tank to determine the density of the fuel. 
This is then used to output the fuel quantity as a mass to the flight crew. 
2.8.2 Operational Control of Fuel System 
This is concerned with monitoring and controlling the operation of the components of the fuel 
system such as valve and pumps. It receives data from the FQI on tank quantities, and from 
other on-board computers, data such as the position of the centre of gravity of the aircraft, 
the altitude, attitude, etc. Based on this information, the computer determines and signals the 
relevant position of valves and pump operation for all normal and failure combinations. The 
computer operation is defined in the form of a logic description. To give an indication of the 
operation of the computer on a modern large commercial aircraft such as the Airbus A330 and 




The aim of this Chapter is to introduce the requirements of network simulation within the fuel 
system modelling environment, and describe the methods of network simulation that have been 
selected and used throughout this research. The first part of this will be achieved by outlining 
the role of network simulation and explaining how a network and its associated components 
are considered within the framework of simulation. The second part is covered with a 
discussion of the selection of the methods employed, and a brief outline of their theories and 
operation. The Chapter is concluded with a summary of the various attributes and deficiencies 
of each of the methods used within this programme. 
3.1 Role of Network Analysis 
The fuel system and its sub-systems as outlined in Chapter 2 are all networks, so the methods 
outlined in this Chapter will be used extensively in their analysis. These will range from 
simple networks such as the recirculation system which consists of a single branch, through 
to the total fuel system which is complex and highly branched. 
Due to the time consuming nature of the calculations, network simulation would traditionally 
only have been carried out in any detail on sub-systems for normal operation and in critical 
areas. This is due to the vast number of conditions and calculations that are required to be 
analysed to fulfil safety and operational requirements. The use of computer simulation enables 
these networks to be analysed more quickly, and for the system as a whole, allows flight 
profiles to be studied. Improved analysis efficiency also allows the study of the less critical 
areas of the system and hence improve design and reliability. 
3.2 Network and Component Description for Simulation 
The aim of network analysis is to determine the pressures and flow rates at various points 
within a network. A network is a system of components linked to form an open or closed 
loop circuit. For the purpose of network analysis, 
- 
a component can be described by the 
equations and data governing its inlet and outlet pressure and flow rate. The pressure and 
flow rate of the components also provides the link, both mathematically and physically, 
between the components. In addition to the pressure and flow rate, data such as pump speed, 
valve position etc., may be calculated or required by the model. These variables may have 
an important effect on system behaviour or may be for monitoring purposes. 
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33 Selection of Packages 
From the early stages of the research project it was decided not to develop a specific network 
analysis method but rather use commercial software packages. This takes advantage of the 
investment in user interfaces and component libraries. It was therefore necessary to consider 
the features and benefits of the network simulation packages available. 
A network simulation tool for application to the modelling of fuel systems must enable 
networks to be analysed quickly and efficiently. It must have a simple but comprehensive 
user interface that can be quickly understood, yet not over burden an experienced user. It 
must also contain sufficient component models to enable a fuel system to be analysed 
effectively. It was anticipated from the outset that no commercial package would contain all 
of the necessary component models required for an aircraft fuel system. This is because 
aircraft fuel systems have unique operating conditions, Eg. changing 'g' vector, changing 
attitude of the analysis platform, changing tank geometries, changing fluid and atmospheric 
conditions etc. It was therefore a desirable feature for the packages to accept user defined 
component models. A major requirement of any package selected was that it should be easily 
integrated into an industrial design and analysis environment, its application being well beyond 
this research. 
The requirements laid down for the selection of an appropriate commercial network analysis 
software package were as follows: 
-A simple user interface which would enable network simulations to be quickly 
set up and analysed. 
-A component library to cover all, or the majority, of the components required 
for simulation of an aircraft fuel system (Table 3.1). 
- The ability to input user defined component models. 
Two network analysis packages were selected, Flowmaster, developed by British 
Hydromechanics Research Association (BHRA) and marketed by Flowmaster UK Ltd., and 
Bathfp developed and marketed by Bath University. Flowmaster uses an iterative flow 
balancing method to solve the steady state equations of the system; its major strength is its 
library of components. Bathfp solves the dynamic equations of the system with numerical 
integration methods; its major strength is its component modelling techniques, these enable 
Bathfp to be adapted to the modelling of a wide range of systems. Initially the predecessor 
to Bathfp, HASP [10 to 13] was considered and rejected due to its cumbersome and complex 
user interface, which was not suitable to the industrial application. At the start of the project 
only Flowmaster was selected [14]. However with the development of Bathfp from HASP, 
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a package with a user interface of the same standard as Flowmaster was available, with the 
added advantage of good component modelling capabilities, so this was therefore also selected 
[15]. 
The development and application of the two packages was performed for two reasons, the first 
being to exploit the use of different solution techniques. For analyses which are of a safety 
critical nature both packages can be used to analyse the system, the two solutions providing 
cross validation. Secondly, neither could completely model an aircraft fuel system due to the 
uniqueness of its operational conditions and components, and the weakness of one package 
is generally one of the strengths of the other, so they both complement each other. 
Both packages use very similar graphical user interfaces which enables any person competent 
with the use of one to quickly and easily gain experience of the other without the need for 
further in-depth training. 
3.4 Theory 
The pressure and flow rate can be defined in terms of a pressure loss and compressibility 
effects. 
Pressure Loss 
Pressure loss is defined as 
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3.1 0P = Pl *P 1- P2 *P2 *PSI z1 - zZý 
Pressure loss in turbulent flow is proportional to (velocity)2 [16] and can be written as: 
AP =kpu 3.2 
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where k is an empirical value relating the pressure loss to (velocity)2 and is referred to as the 
loss coefficient. 







So that flow rate is given by: 
_q 
ZOP 3.4 14- 
k p 
Compressibility Effects 
The rate of change of pressure due to compressibility effects is defined as: 
dP 3.5 
dt Vq 
Where B is the bulk modulus of the fluid and V is a complaint volume in which dP/dt can be 
considered to be constant. From equation 3.5 flow rate is given by: 
Eq=P3.6 
For steady state conditions Fq = 0. 
3.4.1 Traditional Hand Calculations 
These methods are restricted to the steady state solution of networks through solution of 
equation 3.3 with graphical methods. This is best illustrated through a simple example. If we 





The above network consists of two reservoirs which define the boundaries of the system, a 
valve and pipe with associated loss coefficients, and a pump which provides additional 
pressure and flow rate to the system. 
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The pressure loss at a known flow rate can be determined for the pipe and valve from 
equation 3.3, and the loss for the total system by summation of the losses for each component. 
R 
Ap , _t apt 
3.7 
If this loss is calculated at various flow rates an appropriate system characteristic can be 
developed. This can be plotted with the pump characteristic and the operating point of the 
network determined, as shown in Figure 3.1. The flow rate and pressure rise required by the 
pump can be taken from this plot. Assuming the reservoirs have a constant pressure then this 
pressure can be used in conjunction with the flow rate determined from Figure 3.1 and 
equation 3.3 to determine the inlet and outlet pressure of each component. 
If the network is branched, the solution cannot be obtained directly using the above method 
unless the flows in the branches are known. If not known then the flow rate for each branch 
must be estimated and checked by the above method, and then the process repeated until a 
stable solution is achieved. For highly branched networks this can be very time consuming. 
3.4.2 Flowmaster 
3.4.2.1 Iterative Solution Method 
The equations and methods used by Flowmaster are the same as those for the traditional 
graphical methods outlined above, except the loss equation for the components are rewritten 
to solve for mass flow rate rather than volumetric flow rate. 





Equations of the form of equation 3.8 are developed for all of the components within the 
network and expressed in matrix notation. These equations are then solved with the following 
procedure. 
1. The mass flow rates are initialised to 1kg/s. 
2. The loss coefficients k are determined for each component from the mass flow rates. 
3. The pressures are solved for using Gaussian elimination. ' 
4. The resulting pressures are used to update the mass flow rates and the process 
repeated from step 2. 
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This iterative process is halted when a stable solution has been achieved, or after one hundred 
iterations at which stage it is assumed the solution is unstable. This iteration process has been 
found to be stable for most applications. A few problems have been encountered where 
multiple solutions are present. These are discussed in detail in the first case study of 
Chapter 8. 
The solution algorithm used within Flowmaster solves for the steady state conditions. To 
analyse flow changes in a network over a period of time (dynamic analysis) a series of steady 
state analyses are carried out at a user selected fixed size time step, with any time dependent 
properties of a component such as valve position, pump speed etc. adjusted as appropriate at 
each time step. Inertias and rates of change of pressure etc. are taken into account with 
approximations of the differential equations. Initial conditions for the dynamic analysis are 
obtained from a steady state initialisation, each time step uses the solution from the previous 
time step to initialise its solution. The analyses at each time step are restricted to twenty 
iterations. If solution is not achieved within this number of iterations a warning is given and 
the analysis continued. This approach, and in particular the fixed time step creates limitations 
on the application of Flowmaster to the study of time dependent events. This is discussed in 
detail in Chapter 7. 
3.4.2.2 Discontinuity Handling 
To aid in the understanding of discontinuity handling when applied to the iterative techniques 
of Flowmaster, it is appropriate to consider discontinuities as two types. The first are 
discontinuities of solution, for example a valve closing, and the second are discontinuities of 
data describing the components. 
Discontinuities of solution can only occur with time dependent events. These discontinuities 
are taken into account through the size of the user defined time step. If this is defined too 
large the discontinuity will not be resolved and solution difficulties arise due to the rapid 
changes of state. For these cases where the solution fails a warning will be given. If the time 
step is the correct size, or shorter, then the discontinuity will be handled correctly and solution 
achieved. 
Discontinuities of data are handled by internal routines within Flowmaster. This is best 
illustrated with an explanation of the handling routine for zero flows in a junction. In some 
cases the iterative process may predict a small positive flow at one iteration, and a small 
negative flow at the next, then oscillate between the two during future iterations. This results 
in the loss coefficient being obtained from two characteristics at alternate iterations. This 
discontinuous state is handled by fixing the flow at zero when below a tolerance, thereby 
forcing the loss coefficient onto the appropriate characteristic as the solution is approached. 
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Any error in loss coefficient prediction from this approach is negligible when the experimental 
and empirical nature of the loss coefficients is taken into account. 
3.4.2.3 Method of Characteristics 
A facility for the study of water hammer (17,18) within the pipe models of Flowmaster using 
the method of characteristics is provided. This can be run within any transient analysis with 
an appropriate time step. 
Water hammer may occur in a closed pipe with full flow when the flow is either rapidly 
decelerated or accelerated, as in the case of rapid valve operation. If the changes are gradual, 
a surge method such as the Euler Solid Column Method [19], may be appropriate. Such 
methods consider the fluid incompressible and the pipe rigid. With rapid changes of pressure 
and flow rate the compressibility of the fluid and elasticity of the pipe must be considered. 
To explain the effects of water hammer we shall take the network of Figure 3.2) as an example 
and ignore the effects of friction and assume the valve closes instantly so creating sharp 
pressure waves. If the pipe is flowing full at velocity vo and the valve closed instantaneously 
at time t=0 the fluid at the valve face will be compressed, the pressure will increase to h, due 
to the momentum of the flow, and the fluid be brought to rest stretching the pipe wall. When 
the upstream flow meets this stationary flow it will also be compressed and brought to rest 
at pressure h, stretching the pipe wall. This high pressure travels upstream as a wave at the 
sonic velocity of the fluid a, with stationary flow at h downstream of it, and flow at velocity 
v, and reservoir pressure upstream of it. When it reaches the reservoir at time t=L/a all the 
fluid in the pipe will be at rest at pressure h and the reservoir will be at the original pressure, 
causing an imbalance. Flow will start into the reserv oir at velocity -vo and the pressure wave 
will return towards the valve at velocity a with stationary flow at pressure h downstream, and 
flow at velocity -vo and reservoir pressure upstream. When the wave reaches the valve at 
time t=2LIa the flow in the pipe cannot be maintained at velocity -v, due to the closed valve, 
a low pressure -h develops bringing the fluid to rest. This low pressure wave travels back 
upstream at velocity a with stationary flow at pressure -h downstream, and flow at velocity 
-v, and reservoir pressure upstream. It will reach the reservoir at time t=3L/a where an 
unbalanced condition will be met. Fluid flows back into the pipe at reservoir pressure at 
velocity vo and the pressure wave returns towards the valve at velocity a with stationary flow 
at pressure -h downstream, and flow at velocity v, and reservoir pressure upstream. The wave 
reaches the valve at time t=4L/a returning to the original conditions at time t=0. The whole 
process is repeated every 4L/a seconds. This description does not take into account the effects 
of pipe friction which will damp out the pressure waves eventually bringing the fluid to rest. 
To determine water hammer transients the differential equations of transient flow of motion 
and continuity are required with the pressure and the average velocity at the cross section 
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being the dependent variables. Many derivations of these equations have been put forward 
in text books [17 to 19], the one used below is taken from Wylie and Streeter [17]. 
Equation of Motion 
ý (pA)&i 
r 
Taking a fluid element between two parallel planes dx apart and normal to the pipe axis as 
shown above and applying Newtons second law of motion. 
pA - pA +a (pA)&, i +p 




ax ax dt 
Dividing through by the mass of the element pA6x and simplifying 
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+g sing +f vIv=0 
dt pax 2D 
3.12 
the total derivative of the acceleration term with respect to the axial motion of the pipe is 
dv av äv 
- =v- +- dt ax at 
3.13 
In applications of water hammer the term vdv/dz is much smaller than dv/at and usually 
omitted [17]. 
The equation is identified by L, to distinguish it from the continuity equation L2. 
L1=av+lap+gsin6+fv vl =0 
at p ax 2D 
Equation of Continuity 
3.14 
PAv +a (PAv)8z 
ax 
PAv - 
Taking a control volume as shown above and applying the unsteady continuity equation. 
pAv -p lv + (pAv)8x = 
at 




dx is not a function of time, though the mass (p46x) is. Expanding 






+ pAU- =0 
at at ax ax ax 
dividing through by the mass pAdx and rearranging 
v aA v ap l ap av 16 3 + . + + + _0 . A ax A at p ax p at ax 
The total derivative with respect to the axial motion in the pipe 
d dx aa 
di dt ax at 
can be applied to the terms in the parentheses and their total derivatives determined. 
Substituting into 3.15 




A dt p dt ax 
3.17 
The first term of equation 3.17 takes into account the elasticity of the pipe wall and its rate 
of deformation with pressure, the second term takes into account the compressibility of the 
liquid. The first term can be expanded from the definition of the rate of strain in a circular 
pipe and the second term can be expanded from the definition of the bulk modulus of the 
fluid. 
The rate of increase of unit strain for a circular pipe [17] is 
A_D dp 
dt 2eE dt 
If this is multiplied by the radius, the rate of radial increase is obtained. If this is multiplied 
by the perimeter, the rate of increase of the area will be obtained hence the rate of deformation 
of the pipe with pressure 
M_ ED 3 dp 





A dt eE dt 
The bulk modulus of the liquid is defined as 







Applying as a rate of change 
3.19 
3.20 
Idp_ 1dp 3.21 
p dt K dt 
Substituting equations 3.19 and 3.? 1, equation 3.17 becomes 
1 dp 1 +E22 + 
0v 3.22 
K dt Ee dz 




K dt ax 1+ (KIE) (D/e) 
Multiplying through by K/p gives: 
1 dp 
+ 
0v k /p 
_03.24 
p dt dz 1+ (K 1E) (D le) 
The constants of equation 3.24 
K/p 
1+ (K /E) (D /e) 
are a common way of correcting the acoustic velocity of the fluid within the pipe for the 
effects of pipe expansion [17,19,20]. The numerator is the square of the acoustic velocity of 
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the liquid in the pipe, and the denominator is the correction. Therefore, the constants can be 
expressed as the corrected square of acoustic velocity (a2), and equation 3.22 simplified. 
1 dp 
+a2dv =0 3.25 
pdt ax 






dt ax at 
For water hammer applications vap/dx is usually much smaller than ap/at and can be 
neglected [17] 




This is the continuity equation for a compressible liquid in a pipe. 
Method of Characteristics Equations 
L, and L2 are the differential equations of unsteady flow in v and p for Newton's second law 
of motion and continuity for a compressible liquid in an elastic pipe in terms of x and t. No 
general solution to these equations is known, but they can be solved with the method of 
characteristics. LJ and L2 can be related by a multiplier 
L =L1 + XL2 3.27 
Any two real values of ? will give two equations in v and p which can replace LI and L2. 
Substituting equations 3.14 and 3.26 into 3.27 and arranging in terms of v and p. 
L=L Xpa 2+av+% ap 1+ ap +g sing +fVIVI =0 
3.28 
ax at ax p% at 2D 
Comparing the terms, in parenthesis to the expansion of the total derivative in relation to the 
axial motion in the pipe 
d dx aa 
dt dt ax at 
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Then if 












Substituting into 3.28 
L= d" ±1 
dp 
+gsin0 +fvivi =0 3.31 
dt pa dt 2D 





The pipe can be considered to extend from 0, the upstream origin, to L its downstream end. 
x and t locate a position at a fixed time in the pipe where v and p are to be determined. 
Assume the conditions at A are known, then equation 3.31 with the positive term of X, termed 
the C' equation, is valid along AP. Multiplying 3.31 by padt and integrating from A to P. 
pa J'dV + fAPdp + J'pagsin9 dt +f ppadt fvlvl=03.32 AAA 2D 
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With similar assumptions the C- equation along BP is 
pa f Pdi - 
fdp + f'pagsino dt + f,, '. padtf vIv03.33 
ee 2D 
The physical length these equations are analysed over is commonly called the reach length 
[66]. The integration method used within Flowmaster to solve these equations requires the 
pipe to be divided into a whole number of reach lengths. The application of this within an 
analysis places a restriction on the time steps that are appropriate because, 
Ax = a0t 




Where N must be a whole number. 
Guide lines on the application of the method of characteristics, including the restrictions, 
within a Flowmaster analysis are given in Chapter 7. 
3.4.3 Bathfp 
3.4.3.1 Dynamic Analysis 
In contrast to Flowmaster, Bathfp is a dynamic simulator with time response output. The 
steady state solution is obtained via a dynamic analysis, which can be achieved by defining 
steady pressures and flow rates on the boundaries of the system, which result in a steady state 
output. There are a variety of methods available for this type of simulation in order to solve 
the set of differential and algebraic equations describing the system. Bathfp uses an adaptive 
integrator based on the routine LSODA due to Petzold [21,22]. This is a type-insensitive 
integrator which uses Adam's methods of order 1 to 12 as a non-stiff integration algorithm 
and Gear's method with backward differentiation formula of orders 1 to 5 as the stiff 
integration algorithm. 
Bathfp applies the integration method by describing the components with dynamic or algebraic 
models termed 'instantaneous', dependent on the action they have on the network and the 
output required. 
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Bathfp describes the dynamic operation of the system using first order differential equations 
of the form of equation 3.5. The instantaneous models are described by the general loss 
equation, equation 3.4. 
In the majority of cases, the components within a fuel system are appropriately defined as 
dynamic models, all having associated complaint volumes. In many cases though, 
instantaneous models are used to describe the component because the dynamic effect is 
negligible. Typically a simulation of a fuel system network will comprise dynamic models 
of pipes interlinking, in the main, instantaneous models of components. 
For the numerical integration technique, the models are required to be explicit. Therefore a 
method of control of variable transfer is required to ensure a solution. The method employed 
requires components to output flow rate and receive pressure, and pipes to output pressure and 
receive flow rate. The pipes are modelled in two subroutines. The first describes the 
dynamics of the pipe volume, and the second describes the pressure losses associated with the 
pipe. To facilitate connection of the pipes to both components and other pipes, a series of 
pipe models are available which differ only in the point within the pipe where the pressure 
loss is assumed to occur, as shown in Figure 3.3. 
3.4.31 Discontinuity Handling 
Numerical integrators assume that functions being integrated are continuous. If discontinuities 
are present in a function, it is important that these are taken into account. If this is not so and 
the integrator is allowed to pass through discontinuities without an appropriate checking 
procedure, inaccuracies, long run times and integrator failure may result. 
Bathfp deals with discontinuities in three stages. 
1. Integrating along a continuous function to detect when a discontinuity has 
been passed over. 
Interpolate backwards in time to locate the discontinuity to within a prescribed 
tolerance. 
3. Restart the integrator using the next continuous function. 
The models are required to determine when a discontinuity has been 'passed over', inform the 
integrator, and when the discontinuity has been located sufficiently accurately, provide. the 
relevant data for the model to restart with the new function. 
Messages are sent between the integrator and the models on the current status of 
discontinuities using an integer variable limit, which is used as a subroutine argument. The 
allowed values of limit are given below. 
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limit =0 Set by the integrator. The integrator has just started or restarted. Any 
initialisation of the model must be performed. 
limit =1 Set by the integrator. An intermediate step is in progress. Models must not 
check for discontinuities. 
limit =2 Set by the integrator. The integrator has satisfied its accuracy checks on the 
current time step, and will continue unless a model indicates otherwise by 
resetting limit. 
limit =3 Set by the models. A discontinuity has been 'passed over', and is not located 
sufficiently accurately. This is a request for the integrator to interpolate 
backwards in time. 
limit =4 Set by the models. A discontinuity has been stepped over, and is located 
sufficiently accurately. This is a request for the integrator to restart. 
A discontinuity handling routine, dishan, is supplied with Bathfp, which when given the 
location of the discontinuity and the error tolerance required to locate it, determines if limit 
should be reset to 3 or 4. 
3.5 Flowmaster 
This description and all of the applications discussed throughout the thesis refer to Flowmaster 
version 3.2. 
3.5.1 Structure of Flowmaster 
The user interface of Flowmaster is via an icon oriented graphical system. The mouse is the 
main mode of communication. Networks are created with icons representing components, 
connected by nodes to form circuits. The components consist of an icon, a FORTRAN coded 
component model and appropriate characteristic curves or surfaces. Only one component can 
be associated with an icon. 
Flowmaster is split into two parts, the actual analysis code Flowmaster [23], and a database 
of components and component development utilities Datamanager [24]. 
3.5.2 Flowmaster - The Analysis Code 
The Flowmaster analysis code Figure 3.4 is split into three sections, Network Update, Network 
Analysis, and Results Display. 
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3.5.2.1 Network Update 
The network update area, Figure 3.4, performs three functions; the selection and storage 
within the palette, Figure 3.5, of the components to be used to describe the network, the 
schematic creation and later updates of the network, and the input of data to describe the 
components. The layout of the network can be altered using utilities accessed via icons. 
The palette is the interface with the database of components. It consists of icons representing 
the components which will be used in the network. Components can be added to or deleted 
from the palette at any time during network update. 
The network is built using icons selected from the palette, to create a schematic diagram of 
the network. The components, which include pipes, are connected by nodes, which are loss 
less schematic connections. A simple network is shown in Figure 3.5. 
Data to describe the components functionality is input into the components data sheet as 
shown in Figure 3.6. 
3.5.2.2 Analysis Mode 
Here the analysis type is selected, set-up and run. Data required to describe the analysis is 
input into a data sheet. The data required is dependent on the analysis type. For a steady 
state analysis, only the fluid type, atmospheric temperature and pressure are required. For a 
transient analysis, data on the start and end times, and time step are also required. The 
following analysis types are available in the British Aerospace installation. 
Steady State This solves for the steady state conditions of the network using the 
methods described in Section 3.4.2.1. 
Transient (Dynamic) This uses a series of steady state analyses at a user defined time step 
to solve for a defined transient condition as described in 
Section 3.4.2.1. Pipes may be described with the standard pipe model 
or with a method of characteristics model, as described in 
Section 3.4.2.3. 
Flow balancing This is a specialised application of the steady state solution method 
which when supplied with the volumetric flow rate through a 
component, determines the size of the component to achieve this flow 
rate. Components which can be sized are restrictors, pipes, ' valves, 
bends and discrete losses. 
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3.5.23 Results Mode 
Flowmaster saves the results from all analyses carried out on the network, and it is in this 
mode that results are retrieved. If results for an old version of the network are accessed, a 
warning is given. Access is allowed, but the data for new and deleted components is not 
available. The results display is split into three main windows, one containing the network, 
one for the pressure results, and the other for the flow rate results and any additional results 
such as reservoir level, Figure 3.7. Results are displayed in the two windows by selection of 
the appropriate component or node on the network display, or the logfile can be displayed 
which contains all of the results in tabular form. 
The presentation of the results is dependent on the analysis type. For steady state or flow 
balancing, the flow rates into and out of a component are displayed on an enlarged icon in the 
flow rate results window. For flow balancing, additional information on the size of the 
component is also displayed Figure 3.8. The pressures are displayed with their appropriate 
node number in either list form, or on a pressure gradient plot in the pressure display results 
window, as shown in Figure 3.9. Transient analysis results are displayed on time history plots 
in their associated window, with up to five plots of the same variable, Figure 3.10. Results 
for any of the analyses can be deleted. 
3.5.3 Datamanager 
Datamanager [24] contains the actual models of the components, their loss coefficient data in 
the form of curves and surfaces, and utilities for the input of liquids, gases, curves, component 
icons, and development of new component models. These are all shown in Figure 3.11. 
3.5.3.1 Component Library 
The components are split into groups, termed families. These contain similar components, Eg. 
the valve family, pump family, reservoir family etc.. The loss coefficient data for the 
components is taken primarily from rcfcrencc [16]. 
3.5.3.2 Adding New Curves 
Characteristic curves can be input either as tabular data, a curve digitised on screen, or as a 
formula. The tabular and digitised data are handled by one utility and the formula by a 
second utility. The on screen digitisation is achieved by using the mouse to define the axes 
and the curve from a transparency attached to the screen. The utility contains an algorithm 
which detects out of square of the axes drawn on the screen and adjusts them and the data 
accordingly. Accuracy is claimed to be 2-3%. Characteristic curves are restricted to two 
dimensional curves only. 
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3.5.33 Adding New Component Icons 
Component icons are created with a simple icon editor with basic drawing capabilities, 
Figure 3.12. Both fluid and control connections are added using the editor. 
3.5.3.4 Adding New Component Models 
The component models used within a Flowmaster simulation are all resident within 
Flowmaster and only calls to these or copies of these models can be made. Therefore the only 
means by which a new component model may be introduced into Flowmaster is in the form 
of a characteristic curve associated with a copy of one of these models. The resulting model 
can only be defined within the confines of the data sheet copied from the standard Flowmaster 
model. Any component whose operation cannot be described by the above modifications to 
any of the supplied models cannot be modelled, unless included by Flowmaster UK ltd. The 
models that are not available but required to enable Flowmaster to completely model aircraft 
fuel systems are: 
-A fuel tank capable of adjustment of head due to rotation, and with multiple 
inlet/outlets at differing heights. 
-A jet pump. Since there are no appropriate models which can accept a jet 
pump characteristic. 
- An extension to the pump model to enable characteristics to be switched 
during analysis. This will enable degradation of pump performance during 
climb etc. to be included. 
These models will be discussed in more detail in Chapter 6. 
3.5.3.5 Adding New Liquids and Gases 
New liquids and gases are created with two different utilities though their operation is 
identical. They are only separate because the liquid is the working fluid and the gas the fluid 
contained in accumulators etc. They are created by filling in a data sheet, Figure 3.13, 
describing the properties of the liquid or gas. Some of the data such as density, viscosity, and 
vapour pressure can be input as a function of temperature in the form of a curve from which 
the property is read using the atmospheric temperature set in the analysis data sheet. This 
temperature is then fixed throughout the analysis. 
34 
3.6 Bathfp 
This description and all of the applications discussed throughout the thesis refer to Bathjp 
version 1. 
3.6.1 Structure of Bathfp 
The user interface of Bathfp is via an icon oriented graphical system. The mouse is the main 
mode of communication. Networks are created with icons representing components, connected 
with pipes to form a circuit. The components consist of an icon and a FORTRAN or C coded 
component model. Any characteristic data is tabulated within this model. In addition to the 
models included in the standard release of Bathfp, user models can also be included. Any 
number of models can be associated with an icon allowing different cases and levels of 
complexity to be modelled. 
Bathfp is divided into four parts. The analysis code known as Bath, an icon editor known as 
Bath ICON, a model adding utility known as BathMAT (Bath model adding tool), and a 
modelling utility for input of simple components described from pressure flow curves known 
as BathME (Bath modelling environment). 
3.6.2 Bath 
The analysis code [25] is split into four areas; Circuit Drawing, Model Selection, Parameter 
Definition, and Run as illustrated in Figure 3.14. 
3.6.2.1 Circuit Drawing 
A schematic representation of the network using icons representing the components, as shown 
in Figure 3.14, is created with the components connected directly to each other or with pipes. 
The icons are selected from sets of generic icons as shown in Figure 3.15 and the pipes from 
the connections menu, Figure 3.16. The layout of the network can be adjusted by utilities 
accessed via icons or mouse operation. 
3.6.2.2 Model Selection 
Appropriate models are selected from those associated with the components and pipes, see 
Figure 3.16. The selection for pipes is dictated by the type of connection to be made and the 
application. 
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3.6.2.3 Parameter Definition 
On entry into this area, a code generator incorporates the component models defined in 
Section 3.6.2.2 into a source code, which is compiled and linked to create an executable 
program. Data describing the functionality of the component is input in pop up windows 
Figure 3.17. The working fluid is selected from a list of available fluids or if not available 
it may be defined by its properties, Figure 3.18. 
3.6.2.4 Run 
Run mode performs two functions, the actual analysis and the display of results. 
Before the analysis is run, parameters of the run can be changed. While the analysis is 
running the results can be examined. 
Only the last set of results are saved. Earlier results are deleted to ensure results relate to the 
current state of the network, and to save on disk space. The results are displayed by selecting 
a component from the main network diagram and selecting the parameters to plot from a pop 
up window. This displays all the available parameters to plot and the values at that current 
time step. If the results at this time are steady, these current values give the steady state 
results. The plotted variables may be in the form of a time history, Figure 3.19, or against 
another variable. Up to five or six plots can be made on the same set of axes for both types 
of plot. Results plotted on the same axes are not restricted to the same variable, for example, 
flow rate and pressure may be displayed on the same plot. 
3.6.3 BathICON 
BathICON [26] creates component icons with a simple icon editor based on the UNIX bitmap 
editor, Figure 3.20. All connections are described within the editor, and a bitmap file is 
generated containing the pictorial and connection details. 
3.6.4 BathMAT 
User models developed in FORTRAN or C are added to Bathfp using BathMAT [27]. The 
information required by BathMAT are the component icon to associate the model with, the 
number and type of external variables to enable the code generator to link the model, and the 




BathME [26] is used to create instantaneous models which for this particular application are 
described by one or a series of pressure versus flow curves. It generates and compiles the 
actual source code to be used, so the user does not require programming capabilities. The 
models still require adding to BathJ using BathMAT. This facility is only intended as a 
"black box" modeller for inclusion of data from test rigs or similar sources, and creation of 
simple instantaneous rotary type pump models. 
3.7 Closing Remarks 
The two software packages Flowmaster and Bathfp were selected in order to compare their 
capabilities in analysing aircraft fuel system behaviour. The two packages have been written 
with different solution methods and differing biases; Flowmaster originally the water and 
general utilities market and Bathfp the hydraulics market, and from different backgrounds; 
Flowmaster from HIPSMART an early commercial code developed by BHRA and Bathfp from 
HASP effectively an in-house code for hydraulic systems study at Bath University. These 
factors have bestowed each with quite different strengths and weaknesses and yet very similar 
user interfaces are both useful for aircraft fuel system analysis. 
The major strength of both packages is their simple yet comprehensive interfaces which is a 
very important aspect for this type of work. Flowmaster's individual strengths are its direct 
steady state solution which also enables flow balancing analysis, its ability to model water 
hammer and hence pressure surge, and a very good component library lacking only a few 
models. BathJ 's individual strengths lie in its open architecture enabling literally any 
component model to be included and the package to advance with the introduction of new 
components, and its dynamic analysis capabilities which enable flight profiles to be studied. 
The current major limitations of both are: 
- The analysis platform or direction of the gravity vector cannot be rotated in 
any plane, this is examined further in Section 6.3 .2 
- Only single fluid networks can be modelled. Therefore a vent and fuel 
network cannot be modelled in the same analysis with the associated coupling 
effects. 
The major limitations of Flowmaster are: 
- Its dynamic analysis capabilities. These are restricted by the quasi steady 
state approach and the requirement for the fixed user defined time step, ` these 
are explained further in Section 7.1.1.2. 
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- If multiple solutions are present in a network, problems can be encountered 
in achieving the correct solution. This is discussed in detail in the first case 
study of Chapter 8. 
- Its component modelling capabilities are limited, even though there are a large 
number of components a true fuel tank and jet pump cannot be included by 
the user. 
- The properties of the fuel cannot be altered either by the code or manually 
during an analysis to simulate altitude and temperature changes. 
The major limitations of Bathfp are: 
- Its component library, listed in Table 3.1, does not contain all of the 
component models required to simulate a fuel system, though this can easily 
be expanded. 
- Water hammer cannot be currently modelled though a 'method of lines' [28] 
pipe model is soon to be released. 
Flowmaster and Bathfp have completely different philosophies for results storage, Flowmaster 
storing all results and Bathfp saving only the latest. Both methods have their advantages and 
disadvantages. Stored results mean analyses do not need rerunning, but results become out 
of date with changes to networks and require disk space. Saving only the latest results, saves 
on disk space and means the results are always up to date with the current network. Both 
methods can be an advantage or disadvantage dependent on the situation and network being 
analysed. 
Table 3.1 lists the components required for fuel system simulation, their availability in the 
standard release of Flowmaster and Bathfp and if they can, and have been, modelled in either. 
From the table, Flowmaster contains nearly all of the models required for fuel system analysis, 
but the models of the fuel tank and jet pump can only be supplied by Flowmaster UK Ltd. 
Bathfp's supplied models are obviously lacking quite a few to enable full fuel system 
simulation, but all can be included, and many already have. Apart from the fuel tank and jet 
pump, simple instantaneous models requiring a loss coefficient to flow rate relationship are 
all that is required, allowing them to be based around a single model template. 
Flowmaster is a very good steady state analysis tool which can model most networks 
competently. The flow balancing analysis module is a very useful feature for determining 
sizes of restrictors in branched networks. Flowmaster's drawbacks are its dynamic analysis 
capabilities, excepting water hammer, and its component modelling capabilities which only 
allow a component to be described by a pressure flow characteristic within the framework of 
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an existing model. Bathfp is a very good dynamic analysis tool which can be expanded by 
the inclusion of new components in user model libraries. 
The strengths and limitations of each package compliment each other very well. As a result 




COMPONENT MODELLING AND COMPUTATIONAL FLUID DYNAMICS 
This Chapter outlines component modelling with respect to an aircraft fuel system. It 
describes the methods of component modelling and the application of Computational Fluid 
Dynamics (CFD). The bulk of the Chapter covers the theory and operation of Star-CD, the 
CFD package used throughout this research. 
4.1 Modelling Approaches 
Chapter three introduced a component as a mathematical relationship of pressure to flow rate 
when considered within the context of network simulation. The methods and approaches 
described within this Chapter cover both the development of this mathematical relationship 
and the gathering of data either for inclusion within the model, or as a means of model 
validation. 
The types of model developed can be broken down into two broad categories. Firstly those 
that completely model the component, generally in the form of a computer program or 
subroutine. These may be used in one of the network analysis methods or as a stand alone 
model. Secondly those that describe the model simply by an appropriate characteristic, either 
a constant factor or curve. This characteristic is commonly a loss coefficient either constant 
or varying with Reynolds number. It may, however, be a pressure versus flow rate 
relationship. These types of model are only used within a network analysis method. 
A wide range of methods are available for the development of these models. At the simplest 
end of the scale is the use of loss coefficient data from sources such as references [16,29,30]. 
If required these may be further adapted for a particular application, though this will require 
experience of similar cases. Classical theory and empirical or experimental data is also a 
useful source of model development. Test rigs are an ideal source of data for model 
development, though generally this requires the data being collected to be critical or be of a 
large enough quantity to justify the cost. Recently CFD has became available to the engineer 
to aid in the development of component models, although this is only one of its many 
applications as reported by Marvin and Holst [31]. This creates new opportunities to obtain 
results similar to those from test rigs, but much more numerous and with no restriction on the 
number of measurement points. The cost is also significantly less. 
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4.2 Computational Fluid Dynamics 
Computational Fluid Dynamics has only recently been available for general engineering 
applications. Traditionally it has always been a very complex solution technique with models 
usually being specific to one task and requiring the user to have an in depth knowledge of 
CFD methods. It introduces a new dimension to component modelling with the fluid flow 
through the component being modelled rather than the actions of the component on the fluid 
flow. This enables the pressure, flow characteristics of a component to be determined based 
solely on its inlet and outlet conditions, geometry and any associated movement of the 
geometry. From the results of these analyses, descriptions of the actions of the component 
on the fluid flow can be developed and included in component models for network analysis, 
but the CFD models themselves are not appropriate for direct inclusion. This is demonstrated 
later in the 'Y' junction studies of Chapter 5. 
The model is developed by dividing the internal geometry into smaller regular volumes over 
which the attributes are assumed to vary linearly. The fluid flow and related phenomena of 
mass and heat transfer, and chemical reaction are calculated for these small volumes, although 
generally the application of this particular work does not require the chemical reaction and 
heat transfer to be modelled. 
The CFD package used throughout this work is Star-CD from Computational Dynamics Ltd., 
[34 to 36]. It is one of the leading packages available, using up to date solution techniques 
and methods. It was chosen in preference to other packages for its user friendliness and 
simple, yet comprehensive, mesh generation utilities, this being a weakness in the other 
packages considered [32,33]. 
4.3 Star-CD 
4.3.1 Theory 
lt is not the aim of this research to analyse in great detail the application of CFD, rather CFD 
is used solely as an analysis tool in the same manner as a systems design engineer would use 
it. A limited description of the theory is given solely to aid in the understanding of the 
application of these methods. A more detailed description of the application of the theory to 
Star-CD is given in references [34] and [35], and on the application to CFD in general in 
references [36] through to [47]. 
The following theory is taken directly from the Star-CD manuals [34,35] and is developed for 
a cartesian co-ordinate system, with the Cartesian co-ordinates represented by x xj, Xk. The 
solution is appropriate also for cylindrical, spherical and torodial co-ordinate systems. 
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43.1.1 General Equations 
A continuous dynamic fluid medium can be described by the Navier Stokes equations, these 
are fundamental laws governing continuity, force, and momentum in a fluid. Star-CD solves 
the inviscid Navier Stokes equations, with viscosity and turbulence accounted for by empirical 
approximations. The mass and momentum conservation equations are: 
Conservation of Mass Equation 
a (Pui) +a (Puj) +a (Puk) =04.1 
axt axj axk 
Conservation of Momentum Equation for the x, co-ordinate 
a (Pura) +a (Puju) +a (Pukz, ) +a iii = 
ap 
+ Si 4.2 
dry dzj dzk Idz j ax; 








absolute fluid velocity components along xi co-ordinate m 
= density 
= piezometric pressure p, +pgh where p, - static pressure 
= momentum source components along x, co-ordinate 
For the conservation of momentum equation (equation 4.2) the first term on the left hand side 
represents the rate of change of momentum, and the second term the stresses due to viscous 
effects. The first term on the right hand side of the equation represents the pressure forces 
and the second term the 'external' forces, for example boundaries, sources or sinks. 
The relation connecting the viscous stresses to the main dependent variables for Newtonian 
laminar flow is: 







µ= fluid viscosity 
by = "Kronecker delta" has the value of unity if i=j else zero 





For turbulent flows u, p, r and other dependent variables assume their ensemble average 
value. The relation connecting the viscous stresses to the main dependent variables for 
Newtonian turbulent flow is: 
äu 




Where the u' are fluctuations about the ensemble average values. The rightmost term 
represents the additional Reynolds stress due to turbulent motion. These are linked to the 
mean velocities via turbulence models. 
4.3.1.2 Turbulence Modelling 
Due to the random nature of turbulence all current models of it are approximate 
representations of turbulence. The proximity of the CFD analysis to the exact solution is 
dependent on the nature of the flow and the turbulence model employed. Only experience can 
enable the 'best' model to be chosen. 
Star-CD contains three mathematical models of turbulence the k-E, k-l, and prescribed eddy 
viscosity models. The first two comprise differential and algebraic equations which relate the 
Reynolds stresses and turbulent scalar fluxes to selected ensemble averaged properties, and a 
solution framework to calculate these properties. 
Turbulence Model Equations 
The turbulent Reynolds stresses are in the same form as prescribed in equation 4.4: 
dui 
pu, u_µ, sli +23µ, + pk 8ij 4.5 
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Where 
Pt a turbulent viscosity 
k u, 'U, ` = turbulence intensity 
2 
and the viscous stress is: 
Tu =Pö4I 
The k-e Model Equations 
The k-E model [37,38,39,42] is a widely used general model of turbulence [34], and is the 
preferred choice for Star-CD due to its economies of accuracy and CPU time. Other more 
accurate models are available but they require excessive CPU time to achieve solution. The 
model comprises differential equations for the ensemble averaged turbulence kinetic energy 
k and the rate of dissipation of kinetic energy E. The form of these equations are: 
Turbulence Energy 
2 öu au a 
pü k- 
µ' ak 
_tl (P +PB) - pE --µ, -' + pk ._4.6 dx, ak iL% 3 axe dx1 
Turbulence Dissipation Energy 
a µae e2 au, au, 
- 
E= aul µý + pk C, 2p k- Cw P ax, 1 
4.7 pit ye-G. 
1= 





gi 1 ap 
QhtPax, 
C,, pk Z 
µ1 
E 
and at , a, , am , CO, , Cu , C, 2 , Ca and C, 4 are empirical constants. The first term on the 
right-hand side of both equations represents turbulent generation by shear and normal stresses 
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and buoyancy forces, the second term viscous dissipation, and the third term amplification or 
attenuation due to compressibility effects. 
The k-I Model Equations 
The k-1 model [40] is another well known model, but not so widely used as the k-e model 
due to the economies of the latter and the requirement of the length scale distribution 1 to be 
prescribed. It dispenses with the dissipation equations and instead requires a user supplied 
length scale of the dissipation 1. 
The equation for k is the same as for the k-E model, equation 4.6, and the following equation 
relating k, F. and 1 is used to eliminate E. 
c4ksn µ 
E 
where the turbulent viscosity is: 
µt _ C4 nl 
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The length scale I is supplied directly. 
Prescribed Eddy Viscosity Model 
4.8 
The eddy viscosity model [41] has no differential or algebraic equations, instead the eddy 
viscosity, u, is simply supplied directly by the user. 
Near Wall Turbulence 
None of the turbulence models are relevant at the low Reynolds number in the viscous 
sublayer very near walls. To overcome this, standard wall functions [37 and 42] which relate 
the velocities to the wall shear stress by a logarithmic 'law of the wall' are used. 
4.3.1.3 Discretisation of Conservation Equations 
The differential equations of conservation are solved over the whole of the solution domain 
using numerical techniques. The technique adopted in Star-CD is discretisation of the 
equations using the finite volume procedure [48]. 
Discussion of the application of the finite volume procedure employed within Star-CD is 
beyond the scope of this work as explained earlier. Details are available from reference [35]. 
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The algebraic finite volume equations are solved by one of two implicit methods, a variant of 
the SIMPLE method [43] adapted for the nonorthogonal unstructured meshes of Star-CD, and 
the more recent PISO method [44 to 46] also adapted for nonorthogonal unstructured meshes. 
PISO is the preferred method due to its more efficient and generalised application, requiring 
fewer parameters to be defined. It can be used for transient or steady state, the steady state 
being solved using either a time marching or iterative mode with the time derivatives deleted 
from the equations. 
SIMPLE is used solely for steady state analyses in an iterative mode. For transient 
applications an additional iterative level is required making it more expensive than PISO. 
SIMPLE is primarily retained for use in cases with severe mesh distortion, which reduces 
numerical stability. The additional parameters of SIMPLE can aid in stabilising the solution 
for these circumstances. 
The general solution approach for PISO and SIMPLE is very similar. Both use an iterative 
predictor and corrector stage, with the predictor providing a velocity field derived from the 
momentum equations and a provisional pressure distribution. The provisional fields are then 
refined in the corrector stages. SIMPLE employs only one corrector stage, while the number 
for PISO is determined internally dependent on the problem type. Continuity is ensured with 
an equation set derived from a combination of the momentum and mass conservation 
equations. Under-relaxation of the solution is employed for SIMPLE and the steady state 
iterative mode of PISO to stabilise the solution. 
Convergence of the solution is determined for steady state when the normalised summation 
of the residuals for each of the dependent variables has fallen below a user prescribed value, 
typically 10-3. For transient solution this method is not appropriate because the solution, by 
design, is only a close approximation to the finite volume equations. Instead the global rate 
of change of the dependent variables is used, in a similar test to that described above for 
steady state. 
43.2 Solution Mesh 
Star-CD subdivides the volume of the computational domain into cells using an unstructured 
mesh system. An unstructured mesh is one which does not require a constant number of cells 
throughout the solution domain. This can be illustrated if we consider aT junction as shown 
in Figure 4.1, the mesh of 'a' being structured and the mesh of 'b' being unstructured. The 
major advantage of an unstructured mesh is in local mesh refinement for areas of interest, as 
illustrated in Figure 4.2 [35]. The application of an unstructured mesh saves on the number 
of cells required to define a problem, but additional information is required to define the cell's 
position relative to other cells. 
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The cells defined in the solution mesh are used in the numerical solution of the thermofluids 
conservation equations, equations 4.1 through to 4.8. 
The cells are all straight edged and are either hexahedra, tetrahedra, triangular prism, or 
pyramids, Figure 4.3. The faces and vertices of adjacent cells must be coincident. The mesh 
may be constructed using any of these cell shapes, but for efficiency of solution hexahedra are 
preferred. The other cells are intended to enable difficult physical shapes to be modelled 
effectively and efficiently when hexahedra are inappropriate to model the geometry or would 
be excessively distorted. Distortion is measured by two criteria, the angle between cell faces, 
which should be greater than 45°, and the aspect ratio of the cell, which should be less than 
ten. In simple flows, for example a uniform velocity 'free' stream, these limits can be 
exceeded without affecting solution time or accuracy. If the use of a hexahedra cells causes 
distortion beyond these limits then a tetrahedra prism and pyramid cells should be considered. 
The velocities, pressures, temperatures and any other dependent variables are solved at 
computational nodes at the physical cell centres. 
4.3.3 Problem Description 




Solution Control Parameters 
4.3.3.1 Mesh Generation 
The generation of the mesh can be either a small or large part of the problem specification and 
analysis, dependent on the complexity of the geometry required. The co-ordinates of the 
mesh are defined in one of twenty co-ordinate systems, three global systems, cartesian, 
cylindrical and spherical with their origins at 0,0,0, and seventeen local co-ordinate systems 
whose type and origin are user defined. 
The cells of the mesh are defined by their eight corner vertices following the right hand rule 
as shown in Figure 4.3. Tetrahedra, triangular prism, and pyramid cells can be regarded as 
degenerate hexahedra cells with a face collapsed to either a line or point. 
The vertices of the whole or part of the mesh are first created. The most basic method of 
creating the vertices is input of the co-ordinates of each vertex individually. This method is 





between a pair of vertices or sets of pairs of vertices, and sets of vertices can be reflected 
symmetrically about a co-ordinate axis. The path of vertex generation and fill is along the 
active co-ordinate system or a pre-defined spline. The numbering of the vertices is user 
defined, and it is important that they are numbered with thought of the cell generation strategy, 
as described below. 
The cells are created on the vertex pattern. The most basic method available is to define the 
eight corner vertices of each cell individually. This method is only used for the first cell of 
similar cell sets, or individual cells, the rest being generated from either a single cell or cell 
set. Generation is along the direction of vertices with constant vertex number increment. It 
is for this reason thought must be given to vertex numbering to aid cell generation. Simple 
geometries can have cells generated in four steps, Figure 4.4, creation of the first cell, which 
is generated into a line of cells, which can then be generated into a surface of cells, which can 
subsequently be generated into a volume of cells. The cell numbers are automatically 
assigned. Utilities which generate a set of vertices and cells automatically for common basic 
shapes are also available. 
4.3.3.2 Properties Description 




Specific Heat (Cp) 
Conductivity 
Schmidt Number 
Heat of Reaction for chemical species 
Only the properties required for solution need setting. Therefore the specific heat, 
conductivity, Schmidt number, and heat of reaction are not generally required for the types 
of analysis considered within this work. The density can be set to a constant value, or 
evaluated from the isobaric equation, or the ideal gas law as a function of pressure and 
temperature or temperature only. The viscosity, specific heat and conductivity can be set to 
a constant or evaluated based on user-defined criteria in a coded FORTRAN subroutine. 
The turbulence model is selected if required, and the appropriate parameters supplied. For 
prescribed flow and pressure boundaries it is important the turbulence model is selected before 
the boundaries are defined because inlet turbulence parameters are dependent on the turbulence 
model selected. 
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43.33 Boundary Definition 
Boundaries are shell type cells which are defined by four vertices describing a face, 
Figure 4.5. Boundary numbers, like cell numbers, are automatically assigned. Boundary cells 
can be defined by their vertices following the conventions of Figure 4.5 using techniques 
similar to those for cell generation, but are generally defined using the mouse. Each boundary 
cell is assigned to a region which is associated by the user to a boundary type. The types of 
boundary available are: 
Prescribed Flow Defines the inlet velocity and any turbulence parameters if 
appropriate. Prescribed flow boundaries generally provide the most 
appropriate inlet boundary types. They can also be used for outlets 
if the outlet velocity and turbulence are known. 
Pressure Defines the pressure and any turbulence parameters if appropriate. 
They may be used for either inlets or outlets. Generally pressure 
boundaries will require a greater number of iterations to solve than 
prescribed flow or outlet boundaries. 
Outlet Defines an outlet region. If there is more than one outlet boundary 
region the ratio of flow for each must be defined. These provide the 
most appropriate outlet boundaries, particularly in conjunction with 
prescribed flow inlets. 
Wall Defines a zero slip wall with provision for wall roughness. If 
required the wall can be prescribed as moving in its own plane with 
a known velocity. 
Symmetry Plane Defines a boundary at which the normal velocity and normal gradient 
of all other variables are identically zero. They are used with 
two-dimensional models to define the faces in the third dimension An 
example of this is given in Chapter 5. 
Symmetry Axis As for the symmetry plane except applied to an axis. 
Cyclic Defines a pair of boundary regions at which the flow repeats itself. 
All outer cell faces not designated as a boundary cell are set to a wall region with zero. slip 
velocity. 
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4.3.3.4 Solution Control Parameters 
All solution control parameters have default settings and the following can be either set or 
adjusted: 
- The solution method, either PISO or SIMPLE. The preferred choice is PISO, 
SIMPLE being used for steady state cases were its additional parameters may 
aid solution, particularly in cases of severe mesh distortion. 
- The maximum number of iterations. The default is twenty, although any 
number up to one thousand or more may be required for complex solutions. 
Generally, the solution should be achieved in one hundred iterations. 
- Relaxations of dependent variables. Generally these are best left at their 
default settings. If solution cannot be achieved, guide-lines on their 
adjustment is given in Reference [35]. 
- Residual tolerance to determine solution convergence. The default setting of 
0.001 is appropriate for most cases. If solution cannot be achieved within this 
tolerance after adjustment of the solution control parameters, it may be 
appropriate to reduce the tolerance if the residuals of solution (printed to the 
screen during analysis) are found to be levelling out at a value near the 
default tolerance. It must be remembered though that even if solution had 
been achieved at the default residual tolerance, it would still not be an exact 
solution. 
- The analysis type either steady state iterative, steady state time marching, or 
transient. If the solution is anticipated to be steady the steady state iterative 
solution of PISO or SIMPLE is the most appropriate. If this does not realise 
a solution PISO may be used in a 'steady state time marching' mode. In this 
case the time step is set to a large value to accelerate the approach to the 
steady state. The intervening time steps will not be time accurate. 
Guide-lines on the choice of time step are given in Reference [351. Unsteady 
or'transient' analyses can only be carried out with PISO. The choice of time 
step is very much dependent on the problem being analysed and can only be 
determined by experience and trail and error. 
- The initial data used to start solution. For new analyses an initial constant 
data field of velocity or pressure may be set to aid initialisation of the 
solution. This is particularly useful for cases with pressure boundaries. For 
continuation or restart analyses the last saved solution should be used. 
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- Cell for monitoring solution progress. The values of the variables being 
solved are printed to the screen during solution for the monitoring cell. 
Ideally it should be in an area of interest and/or where approach to solution 
will be the slowest. 
- Type of post processing data file stored, either restart with minimum post 
processing data or restart with all post processing data. A restart data file 
with minimum post processing data is only appropriate if it is anticipated 
solution will be not achieved, for example creating an initialisation field for 
a series of analyses. 
43.4 Postprocessing Description 
The types of plot available for postprocessing are vector plots of total velocity or component 
velocities, contour plots of scalar parameters and velocity magnitude, or combined plots of 
velocity vectors and any scalar property. The contour plots can be either line contours or 
filled raster type plots. The solution data is plotted at the cell centres or interpolated to 
vertices. The plots can be optimised by the following methods: 
- Zoom and Pan 
- Section Plots 
- Presentation grid. Results are interpolated to a cartesian grid of even density. 
This is particularly useful where areas of high density of computational grid 
detract from solution in other areas 
- Thinning of number of vectors by a constant factor 
- Overlaying of plots, particularly useful for multiple section plots 
- Display of multiple plots 
- User prescribed scale of plotted parameters and number of colours 
- Adjustment of the size of vectors to enable the results to be seen clearly 
- Titles and labels. 
4.4 Closing Remarks 
Traditionally component modelling has been restricted to the use of theory, data from sources 
such as references [16,29,30] and test rigs. With the introduction of Star-CD to the analysis 
and assessment of a components performance a large range of data for development of 
component models now becomes available. The Star-CD models can be used to assess the 
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general flow patterns within a component to simply aid understanding, or may be used to 
develop empirical relationships describing the operation of the component. 
In many cases the only restriction on the modelling of a component is the ability to produce 
the meshed geometry. This problem may be overcome with the use of a finite element stress 
modelling package such as PATRAN to develop the mesh, which can then be imported into 
Star-CD. Finite element stress modelling does not require such an ordered mesh as CFD. 
For this reason extensive automatic meshing utilities have been developed. Care has to 
observed with these meshes to ensure they do not have too great a degree of distortion due 
to the flexibility allowed in the finite element mesh. This method of mesh generation 
unfortunately has not been carried out within this research, because of limited access to 
PATRAN or any other suitable finite element package. 
Star-CD enables a large range of components and their reactions to be investigated, with a 
view to the development of component models for Bathfp and Flowmaster. Care has to be 
exercised though because the computational methods employed are based on approximations 
in areas such as turbulence modelling, though experimental data as shown results to generally 
be good. 
As part of this research, various components have been analysed using CFD to asses their flow 
patterns and/or loss coefficients. The data from these analyses has been used in general 
models in Bathfp and Flowmaster. An example of this is given in the second case study of 
Chapter 8. CFD data will also be used as the basis for the development of specific 'Y' 
junction models as described in Chapter 5. 
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CHAPTER 5 
'Y' JUNCTION TEST WORK 
The losses through junctions are a challenge to both the modeller and compiler of loss data. 
Unlike many other components where the loss coefficient is constant, for example bends, or 
a known function of flow rate, as in the case of pipes, the loss coefficient of a junction is a 
function of both the included angle of the junction and the flow ratio in the junction branches. 
From current sources [16,30,49 to 52] there are large amounts of data describing the losses 
through T junctions, but the data for 'Y' junctions is very limited. This has been highlighted 
in many of the analyses carried out during this programme particularly for cases of combining 
flows with included angles below 60°. 
To address this problem the test programme described here was undertaken to determine loss 
coefficients for symmetrical combining 'Y junctions down to 30° included angle. In addition 
to the testing of the junctions, Computational Fluid Dynamic (CFD) models of all the 
junctions tested have been developed with the intention of validating the application of CFD 
to the modelling of combined flows of this form. To help this validation, flow visualisation 
was included within the test rig in the form of dye injection into the inlet flows. This has 
been used for qualitative comparison to the CFD models. 
'Y' junctions with included angles of 150°, 120°, 90°, 60°, and 30° have been tested. 
Validation of results for the 150° through to 60° junctions is provided from the work of 
D. S. Miller [16]. Reference [16] is a collection of loss coefficient data for the majority of 
'standard components' from a wide range of test programmes and references thus providing 
one of the most appropriate sources for validation of the test results. Validation of the results 
for the 30° junction is based on both the CFD model of the 30° junction and the experience 
and confidence obtained with the test rig and procedures from the other junction tests. 
5.1 Theory 
5.1.1 Coefficient of Loss 
Head losses for a component with fully developed turbulent flow are approximately 
proportional to (velocity)2. Since velocity head is given by u212g a loss coefficient 
non-dimensionalised to this velocity head can be used to describe the total head loss. 
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The layout of a 'Y' junction showing the nomenclature applied to the legs is shown in 
Figure 5.1. Taking the general loss coefficient equation outlined in Chapter 3 and applying 
to a 'Y' junction, 
k= AH 5.1 
u 2/2g 
The total head loss is defined as: 
s2 




13 2g 1 2g 3 
From this the loss coefficient through a 'Y' junction based on the combined flow through the 
junction from leg 1 to 3 is: 
2 2 
ul u3 
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All loss coefficient data is described for zero length junction legs, so points 1,2 and 3 in the 
above analysis are considered to be coincident. For descriptive and analysis purposes 1,2 and 
3 are taken to be the legs of the junction. 
Application of this data will require the head loss due to friction of the junction inlet and 
outlet legs taking into account. There are a number of methods available to determine the 
head loss due to friction. One of the most common uses a friction factor (/), for which head 
loss is defined as: 
M_fLu2 
d 2g 
Where L is the length of the leg, d the diameter and u the velocity in the leg. 
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5.1.2 Measurement of Loss Coefficient 
For constant flow rate, the rate of pressure loss with respect to distance along a pipe is 
constant. The inlet legs of a 'Y' junction will have a lower rate of loss than the outlet leg 
because their flow rates will be a percentage of the outlet flow rate. The mixing at the 
junction will create an additional loss due to shear and turbulent mixing losses. The resultant 
pressure profile along the inlet pipes, junction and the outlet pipe will have the form of 
Figure 5.2. The actual shape of the pressure profile due to the junction is unknown and lies 
within the shaded area of Figure 5.2. 
The loss coefficients for the junction are based on experimental data and are calculated from 
equations 5.3 and 5.4. This requires the inlet and outlet static heads of the junction to be 
measured. These are taken from the pressure gradient of the inlet and outlet pipes, assuming 
the loss of the 'Y' junction is a discontinuity at the junction centre, of the form shown in 
Figure 5.3. 
5.2. Test Rig 
The test rig [53] was required to: 
- Supply a constant head and flow rate to the 'Y' junction test specimen to 
ensure fully developed turbulent flow in the combined leg. This to be 
maintained for a minimum duration of two hours. 
- Allow junctions with differing internal angles, both symmetrical and non- 
symmetrical to be tested (only symmetrical junctions were tested in this 
programme). 
- Test combining and dividing flow cases (only combining junctions were tested 
in this programme). 
- Provide a means to test the complete range of ratios of inlet to outlet flow 
rates. 
- Provide flow visualisation 







The 300 gallon reservoir is used as a buffer to ensure the expense tank always supplies a 
constant head. 
5.2.2 Expense Tank and Delivery System 
The expense tank is a 250 gallon tank supplying a constant head of 2440mm of water to the 
test section. This is achieved by the use of a 610mm long weir. From Bazin's formula for 
rectangular weirs [54] a 610mm long weir can be shown to maintain the head to within 
+3.2mm, with the weir spilling. This was verified as part of the test programme. 
Delivery to the test section is through two pipes, each consisting of a gate valve at the tank 
outlet, a turbine flow meter in a straight 50mm internal diameter steel pipe of length five 
diameters upstream and ten diameters downstream of the meter, as prescribed by the 
manufacturer [55], and a length of 50mm internal diameter flexible pipe. This is shown in 
Figure 5.4. 
5.2.3 Test Section and Settling Length 
t 
The 'Y' junctions under test were manufactured from clear perspex 44mm internal diameter 
pipe to permit flow visualisation for qualitative comparison to the CFD models of the 'Y' 
junctions, Figure 5.5. The 'Y' junctions were connected by bolted flanges to the inlet and 
outlet pipes. These are 50mm internal diameter steel pipe, each thirty five diameters in length. 
This is to ensure the characteristics of the 'Y' junction are not affected by other components. 
The difference in diameter of the 'Y' junctions and the settling lengths was due to the 'Y 
junctions being manufactured from 50mm external diameter pipe. This error was not realised 
until well into the programme. The effect of this is allowed for in the calculation of the loss 
coefficient. 
5.2.4 Dump Tank 
The flow from the outlet settling length was fed to a submerged outlet in the dump tank which 
used a weir to maintain a constant back pressure to avoid cavitation in the outlet pipe. The 
water spilled over the weir was recirculated back to the reservoir with a variable capacity 
centrifugal pump. 
5.2.5 Varying the Flow Ratio 
The flow ratio was varied with specially designed clamping blocks (Figure 5.6) on the inlet 
flexible pipes (Figure 5.4). These were used in preference to the inlet valves, shown in 
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Figure 5.4, because the valves were found to cause a significant flow disturbance which 
resulted in large oscillations on the manometers. The clamping blocks gave a smooth 
variation of the cross-sectional area ensuring the minimum flow disturbance, hence minimum 
pressure oscillations. 
5.2.6 Pressure Readings 
Six sets of pressure tappings, at a spacing of 3 inch at the upstream end of the inlet lengths 
and the downstream end of the outlet length, measured the pressure gradient for the inlet and 
outlet lines. Four tappings were arranged around the circumference at each of these 3 inch 
spacings (Figure 5.7). Only one of the four tappings was used for determining the pressure 
gradient. The selection of these is explained in Section 5.3.1. 
The pressure readings were taken with simple water manometers inclined at 15° on two 
manometer boards, one for the inlets and one for the outlet. These boards were adjustable for 
height to allow for changes in static pressure. The height of the boards above the test line was 
determined using a 'master' manometer fixed to the test rig and connected to the first line of 
each board. To enable all of the readings to be compared simultaneously rubber '0' ring 
markers were used on the manometer tubes. 
5.2.6.1 Pressure Oscillations 
A major problem encountered during commissioning of the rig was pressure oscillations 
registering on the manometers. The oscillations were small in size and due to small 
disturbances in the flow paths in the inlet and outlet settling lengths. They were found to be 
exacerbated if the inlet ball valves (Figure 5.4) were used to throttle the flow. It was for this 
reason the clamping blocks were developed to throttle the flow. Two additional methods were 
also introduced for reducing the frequency and size of the registered oscillations on the 
manometers; slugs in the manometer lines at the tappings and slave lines on each manometer, 
after the slug. This coupled the flow in the slave line and manometer, reducing the size and 
frequency of the registered pressure oscillations. Both methods are illustrated in Figure 5.8. 
5.2.7 Flow Visualisation 
Two dyes of different pigmentation were used for flow visualisation, one in each inlet leg. 
The dye was introduced into the flow with two injectors consisting of a dye reservoir 
pressurised slightly above test pressure feeding a 1.5mm diameter capillary tube which passed 
through the sealing gasket at the inlet settling length and 'Y' junction manifold facing 
downstream, Figure 5.9. The flow visualisation equipment was only attached to the rig during 
the flow visualisation tests. 
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5.3. Test Procedure 
53.1 Commissioning Tests 
The commissioning tests consisted of two major stages. Initially, it was necessary to evaluate 
and select an appropriate method to overcome the fluctuations of the pressure readings as 
described above. Secondly, the six tappings in each leg to measure the pressure gradient were 
selected. Only one of the four circumferential tappings at each axial position (Figure 5.7) 
could be used during the loss coefficient tests due to the availability of suitable manometers. 
In addition, only one tapping was selected at each station in preference to an average of all 
four tappings to eliminate any 'false' readings from 'bad' tappings. The levels on all four 
tappings were however observed to rise and fall in unison. For each line the selection was 
based on readings from all twenty four tappings, with the selected tapping being the one which 
approximated closest to the best fit pressure gradient through all twenty four. The inlet lines 
gave a very good set of data points, but the outlet line had a large scatter, and consequently 
two of the locations were ignored when plotting pressure gradients, Figure 5.10. The 
possibility of swirl induced by the mixing at the 'Y' junction causing the large scatter was 
investigated by carrying out the tests with the 'Y' junction removed. 'These gave very similar 
results to those with the 'Y' junction present. The large scatter is therefore due to incorrectly 
manufactured tappings, possibly due to the tappings being 'out of square' to the pipe wall. 
Buns could also cause this scatter but a visual inspection of the pipe bore did not indicate this. 
5.3.2 Loss Coefficient Tests 
The aim of these tests was to record the pressure and flow rates at the inlets and outlet for all 
possible flow ratios for all junctions to enable the loss coefficients to be calculated. 
Flow ratios from 0.2 to 0.8 in steps of 0.05 were tested. Ratios below 0.2 and above 0.8 gave 
unstable pressure readings. This is due to an instability in the flow paths caused by the 
largely differing flow ratios, this effect has been reported in previous tests by Idel'chik [30]. ' 
For each flow configuration four readings were taken during two separate runs, with 
approximately one to two hours allowed for the rig to settle between readings. This gives 
confidence in the results and the test rig, allowing repeatability of the rig to be investigated 
The loss coefficients were calculated from equations 5.3 and 5.4. The inlet and outlet heads 
hl, h2, and h. were determined by extrapolation of the pressure gradients, obtained from the 
pressure tappings, to the junction centre. 
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5.3.2.1 Allowance for Dissimilar Diameters 
When taking into account the effects of the dissimilar diameters of the settling lengths and the 
'Y' junctions two factors must be considered. 
- The contraction at the inlet and the expansion at the outlet of the 'Y' junction 
are small when compared to the diameter of the 'Y' junction. 
- The head loss measured across the 'contraction - 'Y' junction - expansion' 
will be less than the sum of the individual losses taken in isolation due to 
component interaction effects. This is because in closely spaced components, 
the outlet flow from the upstream component is influenced by the presence 
of the downstream component, and the downstream component inlet flow is 
consequently affected by the upstream component. These interactions result 
in the flow being 'guided' from the upstream component into the downstream 
component with only a small flow disturbance, resulting in a reduced head 
loss across both components [16]. 
Applying this to the test rig for the three 'components' making up the measured head loss, it 
is clear that if the inlet head (h) were reduced by the head loss due to a contraction of the 
size of the dissimilar diameters, and the outlet head (h3) increased by the head loss due to an 
expansion of the size of the dissimilar diameters, this would result in a lower head loss across 
the 'Y' junction than would be the case for a 'Y' junction in isolation. Likewise if the 
measured head loss were used with no allowance this would be greater than would occur 
across the 'Y' junction in isolation. 
In considering the appropriate allowance to be made for the dissimilar diameters, we should 
consider the interaction between each of the 'components'. 
- The inlet contraction will have a small measurable head loss. 
- The interaction effects of the inlet contraction on the 'Y' junction will be 
negligible. This is because the inlet contraction will only create a small flow 
disturbance and therefore the static pressure and velocity profile will have 
recovered sufficiently at the 'Y' junction. 
- The 'Y' junction will create a large flow disturbance due to the mixing of the 
two inlet flows. The static pressure and velocity profile will therefore require 
a significant length to recover due to this disturbance. 
- The head loss due to the outlet expansion will be negligible as it occurs in the 
wake of the flow disturbance of the 'Y' junction. 
59 
Based on these considerations, the effects of the dissimilar diameters' of the inlet settling 
lengths and the 'Y' junction are taken into account by reducing the head loss measured on the 
test rig by the loss through the inlet contraction only. The minimal loss of the outlet 
expansion is accounted for by not reducing the inlet contraction loss due to component 
interaction with the 'Y' junction. contraction loss. 
To verify this assumption, we shall take a case for the 60° 'Y' junction at a flow ratio of 0.509 
and calculate the loss coefficient based solely on the measured data, allowing for both the inlet 
contraction and outlet expansion, and allowing for the inlet contraction only. The results from 
these analyses shall be compared to data from Miller [16] for verification. The following 
heads and flow rates are available from the tests. 
hl = 1.538m ul = 1.497ms-1 
h3 = 1.170m uj = 2.928ms-1 
h1 and h3 are calculated from the pressure gradients of the pressure tappings. The loss factor 
k13 for a junction is described by equation 5.3. 
2 2 
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Reduction of h,, allowing for inlet contraction, gives: 
h1=1.538-kai 
2g 
From reference [16] a loss coefficient for an abrupt contraction with an area ratio of 0.7744 
is given as 0.0993. The data of Figure 5.11 is for cases with a Reynolds Number greater than 
los. In this case the velocity in the inlet leg is 1.497ms 1, giving a Reynolds Number of 
5.96x10°. The loss coefficient is adjusted by a Reynolds Number correction factor. 
Miller [16] gives a Reynolds Number correction factor of 1.23. 




h, = 1.538 - 
0.122 x 1.4912 
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1.524m 
Increase of h3 allowing for outlet expansion 
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h3 = 1.170 +k 
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Miller [16] gives a loss coefficient for an abrupt contraction with an area ratio of 0.7744 as 
0.112. 
Therefore 
h 1.170 + 













The loss coefficient allowing for both the inlet contraction and outlet expansion is: 
1.4972 
+ 1.524 - . 
9282 
+ 1.219 





The loss coefficient allowing for the inlet contraction only is: 
1.4972 
+ 1.534 - 
2.9282 
+ 1.170 
k 2g 2g 13 2.9282 
2g 
= 0.0693 
For a 'Y' junction with a flow ratio of 0.509 Miller [16] gives a loss coefficient of 0.063, 
which supports the premise that the outlet expansion loss is negligible. Additionally when 
both the inlet contraction and outlet expansion are taken into account, a negative loss 
coefficient results. This is not possible at a flow ratio of what is effectively 0.5, because this 
would mean both kJ, and k, 3 would be negative and therefore the 'Y' junction would be 
supplying energy to the system. 
Adjusting all results shows similar effects. Therefore the inlet contraction only is accounted 
for in the processing of the results and all of the loss coefficients calculated from the measured 
data have been adjusted for the inlet contraction loss as above. 
53.3 Flow Visualisation Tests 
Recirculation was not used during the flow visualisation tests due to the intensity of the dyes 
discolouring the inlet flows. For all the 'Y' junctions and flow ratios four visualisation runs 
were carried out: 
- Dye streams introduced into both inlet legs along the centre line. 
- Dye streams introduced into each inlet leg individually, along the centre line. 
- Dye streams introduced into both inlet legs at the inner wall. 
- Dye streams introduced into each inlet leg individually, at the inner wall. 
The streams introduced along the centre line give a general view of the flow pattern, those at 
the wall were to determine if any significant wall effects were present. The introduction of 
the streams both individually and together gives a clear picture of the mixing taking place. 
53.4 Computational Fluid Dynamic Model of 'Y' Junction 
The application of CFD within the test programme has been to satisfy two requirements. 
Initially data from Miller [16] and the test rig for junctions with an included angle of 150° 
through to 60° are used to assess the suitability of the CFD methods and in particular the 
turbulence models, to the modelling of combining flows in junctions. This assessment was 
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based on the prediction of the loss coefficients and the comparison of flow patterns to those 
obtained from the flow visualisation tests. If this assessment proved satisfactory the results 
from the CFD models could then be used as a validation aid for the loss coefficients obtained 
from the test rig for the 30° 'Y' junction, CFD providing the only direct validation. All of the 
models were analysed for flow ratios from 0.2 to 0.8 in steps of 0.1. 
53.4.1 Geometry 
The geometry of the 'Y' junction was identical to that used within the test as shown in 
Figure 5.5. The geometry of the 'Y' junctions creates a problem with determining if a two or 
three-dimensional model is appropriate. The actual shape is symmetrical in two planes so 
may be expected to be adequately modelled with a two-dimensional model, but the mixing 
action of the two flows may have three-dimensional effects to be considered. To assess the 
impact of any three-dimensional effects on the mixing both two and three-dimensional 
models were developed for the case of the 60° junction and the loss coefficients obtained from 
these models compared. 
Settling lengths were not modelled on any of the junctions because the flow is assumed 
straight with no influence of other components for both the test rig and the data available from 
Miller [16]. The inlet and outlet legs of the junction were taken to be 200mm, the average 
length of all the junctions tested. 
5.3.4.2 Calculation Mesh 
Two-Dimensional 
The calculation mesh for the two-dimensional model was constructed using the standard 
utilities embodied within PROSTAR. The mesh was constructed using standard hexahedra 
cells and is shown in Figure 5.11. The advantages of an unstructured grid were not exploited 
for this mesh because the number of cells involved was low and the time required to develop 
an unstructured mesh would not be justified. Additionally, using the structured grid shown 
aligns the cell pattern closely with the geometry and the expected flow path. This will aid 
solution both in terms of accuracy and time. The mesh consists of 870 fluid cells. 
Three-Dimensional 
The calculation mesh for the three-dimensional model was constructed using the standard 
utilities embodied within PROSTAR. The mesh was of an unstructured form with local mesh 
refinement and was constructed using hexahedra, tetrahedra, prism and pyramid cells, and is 
shown in Figure 5.12. A cartesian grid was used in preference to a polar grid because the 
polar grid was not appropriate for meshing the intersection of the inlet legs. The refinement 
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of the mesh on the inside of the inlet legs is to aid in the correct meshing of the intersection 
of the legs. The mesh consists of 4154 fluid cells. 
53.43 Fluid Properties and Boundary Conditions 
The fluid properties were those for water at 20°C and the k-e turbulence model was used. 
The boundary region indexing for the two-dimensional model is shown in Figure 5.13. 
Boundaries 1 and 2 are considered to be inlets with a fixed velocity, boundary 3 is considered 
to be an outlet, boundary 4 is considered to be a symmetry plane and boundary 5 is considered 
to be a zero slip wall. 
The boundary region indexing for the three-dimensional model is shown in Figure 5.14. 
Boundaries 1 and 2 are considered to be inlets with a fixed velocity, boundary 3 is considered 
to be an outlet. All other external cell faces are considered to have a zero slip wall boundary 
condition. 
The parameters of boundaries 1 and 2 are dependent on the flow ratios simulated. The 
parameters required are the velocity and turbulence parameters describing the inlet turbulent 
energy, k, and dissipation, e. These are defined in Chapter 4 as: 
ulul k= 
2 
where typically u= 10-2 
u 
C314 k 3t2 
l 
where C = 0.09 
a 
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5.3.4.4 Determination of Loss Coefficient 
The 'Y' junction loss coefficients of [161 do not include the effects of friction, and the loss 
coefficients determined from the test rig are calculated assuming zero length legs. The CFD 
models do include friction losses in the wall boundaries, and allowance was therefore made 
for this loss. The two-dimensional models are' effectively 'laminates' with a single cell 
thickness and friction loss in the wall boundary is therefore insignificant. The pressure loss 
due to friction for the three-dimensional model must be taken into account when calculating 
the loss coefficient. CFD models of pipes of the same diameter and length as the inlet and 
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outlet legs were developed, and simulations performed for all the inlet and outlet flow rates. 
The pressure loss from these models gave the appropriate reduction of pressure for the inlet 
legs, and increase for the outlet leg to account for the pressure loss due to friction. 
The loss coefficient for all the junctions and flow conditions were determined from 
equations 5.3 and 5.4. 
53.4.5 Comparison of 60° Two-Dimensional and Three-Dimensional Model 
The three-dimensional mesh of the 60° 'Y' junction required approximately twenty times 
longer to create and simulate than the two-dimensional mesh. 
The loss coefficients determined from the analysis of the two and three-dimensional 'Y' 
junctions, and from the test rig are given in the following table. 





0.2 -0.288 -0.295 -0.212 
0.5 0.08 0.077 0.0619 
0.8 0.237 0.201 0.167 
It can be seen that both models show good agreement with those from the test rig, and the 
three-dimensional model gives no significant improvement over the two-dimensional model. 
The increased time required to mesh and analyse the three-dimensional model is not justified, 
with the increase in accuracy being insignificant. Two-dimensional CFD models only have 
been developed for all the other junctions. 
5.4 Comparison of Data 
Two forms of graph are used to present the results. The first shows loss coefficient as a 
function of flow ratio for each junction.: The second shows junction angle as a function of 
flow ratio for a constant loss coefficient. This latter presentation is the form used by 
Miller [16]. 
The loss coefficients from Miller, the test rig and the two-dimensional CFD models are 
presented in graphical format in Figures 5.15 through to 5.21. Figures 5.15 to 5.19 present 
the data for the individual junctions. Each graph shows loss coefficients from Miller, those 
determined from the test rig and from the two-dimensional CFD models. A band representing 
the potential scatter of the test rig coefficients due to measurement inaccuracies is also 
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included. Figure 5.20 summarises Figures 5.15 to 5.19, presenting the- loss coefficients of 
Miller and the test rig for all junctions tested and Figure 5.21 presents the loss coefficients of 
Miller and the two-dimensional CFD models. Figure 5.22 is the second form of graph and 
presents the loss coefficients of Miller and those determined from the test rig for all junctions. 
5.4.1 Test Rig Results 
The loss coefficients determined from the test rig data have been fitted with a third order least 
squares polynomial for Figures 5.15 to 5.20 and are given in Appendix A. These polynomials 
are only valid within the range of measured data, ie. between flow ratios of 0.2 and 0.8. The 
use of fourth order equations caused excessive divergence at the extremes of the ranges and 
no noticeable improvement of fit for the mid range. The correlation coefficient of the curves 
are given in the following Table for each junction. 






From these values it can be seen that the data is adequately fitted with these equations, all 
correlation coefficients being greater than 0.9. 
Constant loss coefficient data for Figure 5.22 could not be obtained directly from the test rig 
results. Instead they have been determined from the equations representing the test rig data 
in Figures 5.15 to 5.19, at the loss coefficient values represented in [16]. 
The graphs of Figures 5.15 through to 5.20 show the loss coefficients determined from the test 
rig to be in very good agreement with that of Miller. Figure 5.22 does not show such a good 
comparison. This is attributed to the loss coefficients being derived from the equations 
representing the loss coefficients of Figures 5.15 to 5.19, and the limited number of 
observations that could be used. All analysis of the results has been carried out on the data 
of Figures 5.15 to 5.19, because these represent all the loss coefficient data obtained from the 
test rig rather than at discrete loss coefficients. 
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5.4.1.1 Repeatability of Results 
A measure of the accuracy of the test rig is the ability to repeat results for the same test 
conditions. This can be examined for the rig by comparing the four sets of results obtained 
at each flow ratio for each junction. Inspection of the loss coefficients of Figures 5.15 to 5.19 
show that loss coefficients at a particular flow ratio show a tendency to the same value. 
The loss coefficients for the 60° and 90° junction, Figures 5.16 and 5.17, show a divergence 
to either side of their best fit line above a flow ratio of 0.5. The lower of these is for the flow 
ratios of 0.65 and 0.75, and the higher for the flow ratios of 0.7 and 0.8. This effect can be 
seen to a lesser extent through the total range of values. The testing for flow ratios of 0.2 
through to 0.8 in steps of 0.1 were carried out at the start of the testing period and the flow 
ratios of 0.25 to 0.75 in steps of 0.1 were carried out at the end of the testing period. In the 
period between these tests the characteristics of the test rig will have changed due to the build 
up of rust in the steel piping. The pressure gradient will increase slightly for each line due 
to an increase in the friction loss. This will result in a reduced measured pressure drop across 
the 'Y' junction, and hence a lower loss coefficient, Figure 5.23. 
The differences between these results are still within experimental error, and when the 
correlation coefficient of the loss coefficient curve is also considered the repeatability of the 
rig is found to be acceptable, with maximum error due to rig contamination. 
5.4.1.2 Sources of Error 
Overall errors were small as indicated by the correlation coefficients determined in 
Section 5.4.1. Much of the error can be attributed to problems with reading of the flow 
meters and manometers due to the oscillation of these readings. This is attributed to the 
sensitivity of the instrumentation to attain the accuracy required. 
The effects the potential errors of reading due to the oscillations of the instrumentation on the 
loss coefficient can best be understood if the sensitivity of the loss coefficient to these 
oscillations is determined. 
Sensitivity to Flow Rate 
The fluctuation of the turbine flow meter output was due solely to the accuracy of the 
instrumentation, and was constant for all test conditions at ±0.0163ms-1. 
The sensitivity of the loss coefficients to the potential error on flow rate measurement has 
been investigated for the loss coefficient curves of Figures 5.15 to 5.19. The analysis assumed 
a Reynolds Number of 105 in the outlet leg, and determined the loss coefficient for all 
combinations of maximum positive and negative reading errors on the inlet legs. The 
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maximum positive error on loss coefficient for all junctions was with a positive reading error 
applied to both inlet legs, and the maximum negative error on loss coefficient was with a 
negative reading error applied to both inlet legs. The potential maximum positive and 
negative errors for all junctions are given in Table 5.1. 
Sensitivity to Head 
The manometer oscillation was dependent on the degree of throttling applied. The minimum 
oscillations of t20mm at an inclination of 15° (±5.2mm in the vertical) were for flow ratios 
of 0.5 where no throttling is required, and the maximum oscillations of ±60mm at an 
inclination of 15° (t15.5mm in the vertical) were for flow ratios of 0.2 and 0.8, where the 
maximum amount of throttling is required. It is not expected the maximum errors would be 
encountered reading the manometer boards because there was a definite mean value within the 
oscillation at which readings were taken, and the use of the '0' ring markers gave an 
instantaneous reading of all the manometers. The most significant error in pressure 
measurement would be from the master manometers which did not benefit from the '0' ring 
markers and were read separately to the inlet and outlet tapping manometers. However these 
manometers were read at the mean point of the oscillation. 
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For a Reynolds Number of 105 in the outlet leg, the sensitivity of the loss coefficient to head 
is found to be constant at 5.65x10"4 mm'' when measured at an inclination of 15° (2.186x10'3 
when measured vertically). Taking the maximum reading error on the manometers as ±60mm 
(±15.5mm vertical head) the maximum error of the loss coefficient, due to pressure reading, 
is 0.0678. 
The maximum error due to reading is shown as the error band on Figures 5.15 to 5.19. From 




Other possible causes of error are general items such as: . 
- Build up of rust as the test programme continued, though this would be 
symmetrical about the rig. 
- The intrusion of the gaskets at the 'Y' junction to settling length manifolds, 
though this effect is minimised due to the effects of the dissimilar diameters. 
- The welded joints on the 'Y' junctions showed slight signs of out-of- 
roundness and surface discrepancies. 
- The geometry of the 'Y' junctions under test was defined to be a 
representation of those illustrated in [16]. There is no standard geometry for 
'Y' junctions when determining their loss coefficients. 
5.4.2 Computational Fluid Dynamic Results 
The loss coefficients calculated from the CFD results are shown with those determined from 
the test rig and Miller's in Figures 5.15 through to 5.19. Figure 5.21 compares the loss 
coefficients determined from the CFD models to those of Miller for all junctions. A selection 
of flow visualisation results and relevant flow vector plots from the CFD analysis are shown 
in Figures 5.24 to 5.27. Unfortunately photographs of the 60° junction are not available. 
Inspection of the graphs show the CFD determined loss coefficients to generally be in good 
agreement with those of Miller, and within the error band of the test rig loss coefficients. The 
following general conclusions can be made. 
- The prediction of loss coefficient for flow ratios up to 0.5 is good, excepting 
150° and 120° at a flow ratio of 0.5. 
- For values over 0.5 the loss coefficient is over predicted for the 30° and 60° 
junctions, the effect being greater for the 30° junction, and is under predicted 
for the 90°, 120° and 150° junctions, the effect being greater for the 150° 
junction. 
The loss of a combining 'Y' junction is due to the interaction of the two inlet flow paths and 
the associated turbulence generated. This loss is dependent on the included angle of the 'Y' 
junction and the flow ratio within the 'Y' junction. 
For small included angles the turbulence will be lower because the interaction of the inlet 
flows will be low due to their straighter flow paths. This is illustrated in' the flow 
visualisation photographs of the 30° junction, Figure 5.24. These show a smooth mixing of 
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the two flows. For large included angles the turbulence will be increased due to the increased 
interaction of the two inlet flows. This is again illustrated with the flow visualisation 
photographs, this time for the 120° and 150° junctions, Figures 5.26 and 5.27, these show 
substantial disturbance and mixing of the two dye streams even at the point of initial 
combination. 
The magnitude of the turbulent mixing is also affected by the flow ratio in the junction. For 
high flow ratios the turbulence will be high due to the increased energy in the leg, but for 
lower flow ratios the turbulence will be lower. This effect is less pronounced than the effects 
of junction angle. 
It is assumed the turbulence model does not completely model the turbulent mixing effects of 
the 'Y' junction, particularly at high flow ratios and large included junction angles, for these 
cases the turbulence will be above normally expected values. This would account for the over 
prediction of loss coefficients for the 60° and 90°'Y' junction models and the under prediction 
of the loss coefficients for the 120° and 150° 'Y' junction models. The turbulence model is 
the weakest point of any CFD code [32] because it is an empirical estimation of a random 
occurrence. The model used here is a k-E model, which although a very good general 
approximation to turbulence, does not completely model the turbulence associated with the 
interaction of inlet flows within a combining 'Y' junction. To achieve this a turbulence model 
specific to the characteristics of a 'Y' junction would be required. This has not been 
undertaken because this study is to assess the suitability of CFD to a general application to 
fuel system simulation without the need for further extensive programming. 
A second means of validating the CFD analyses is in the use of the flow visualisation in 
comparison to the vector plots, Figures 5.24 to 5.27. All of the vector plots show a good 
agreement to the flow visualisation results. The most interesting aspect of these is the very 
good agreement on the position of the zero shear plane between the flow visualisation pictures 
and the vector plots. 
The prediction of the loss coefficient is within the error band of the loss coefficients calculated 
from the test rig results, except high flow ratios for the 30° 'Y' junction and mid flow ratios 
for the 150° 'Y' junction. The loss coefficients of the 150° 'Y' junction seem to have a large 
error, but the shape of the curve is the same as the loss coefficients from Miller and those 
calculated from the test rig results, Figure 5.19 and 5.20, the only difference being that the low 
point occurs at a flow rate of 0.5 rather than 0.2. 
5.4.3 30° 'Y' Junction Results 
One of the major aims of this test programme has been to extend the loss coefficient data for 
combining 'Y' junctions down to included angles of 30°. Validation of this data determined 
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from the test rig for the 30° 'Y' junction cannot be carried out directly against known data as 
for the other junctions, the only validation available being: 
- Confidence in the test rig based on the results for the other junctions. 
- Comparison to the 30° CFD model. 
The 30° loss coefficient curve of the test rig results, Figure 5.15, follows the trend of the other 
junctions. Comparison of the loss coefficients determined from the test rig results and CFD 
show very good agreement up to and including a flow ratio of 0.5, Figure 5.15. Above a flow 
ratio of 0.5 the two loss coefficients diverge and it is assumed both are in error. As explained 
above, CFD over predicts the loss coefficient for junctions with small included angles. If the 
loss coefficients calculated from the CFD model are compared to Miller's results, Figure 5.21, 
for flow ratios above 0.6 they are greater than Miller's 60° 'Y' junction loss coefficients. The 
test rig results predict a negative loss coefficient above a flow ratio of 0.5. If the negative loss 
coefficients below a flow ratio of 0.5 are taken to be correct, which would seem to be true 
when compared to the other junctions, then a negative loss coefficient for a flow ratio above 
0.5 is not possible. If both loss coefficients were negative, then for a flow split at the junction 
of say 0.7 and 0.3, both flows, when combined, will have increased in pressure and so gained 
energy. Inspection of the loss coefficient data from the test rig at flow ratios above 0.5 shows 
the same trend reported for the 60° and 90° junctions in Section 5.4.1.1. Taking the reason 
for the divergence explained then the lower trend would be assumed to be in error. 
5.4.3.1 Estimation of 30° 'Y' Junction End Conditions 
To enable the 30° 'Y' junction results to be of any benefit, end conditions require determining. 
This was not possible from the test rig due to instability of readings at flow ratios above 0.8 
and below 0.2, therefore the loss coefficients at flow ratios of 0 and 1 were estimated using 
known data from other sources. 
For a flow ratio of 1, the optimum value the loss coefficient could achieve would be that of 
a 15° mitre bend. The difference between the junction and mitre bend loss coefficient can be 
determined by comparison of the loss coefficients from Miller for the other junctions and their 
equivalent mitre bends, Figure 5.28. This curve can be extrapolated to give the additional loss 
coefficient for the 30° degree junction when compared to its equivalent mitre bend as 0.0393. 
The loss coefficient, given by Miller [16], for a 15° mitre bend is 0.036. Therefore the loss 
coefficient for a 15° 'Y' junction at a flow ratio of 1.0 can be estimated to be 0.0753. 
The loss coefficient at a flow ratio of 0.0 cannot be predicted in a similar manner. The best 
approximation can be obtained from extrapolation of the 30° junction loss curve, Figure 5.15, 
and the plot of constant loss coefficient, Figure 5.22 and comparing the two values. linear 
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extrapolation of Figure 5.15 gives a loss coefficient of -0.82, and extrapolation of Figure 5.22 
gives a value of -0.8, therefore a value of -0.81 shall be used. 
These estimated loss coefficients at 0.0 and 1.0 are shown in Figure 5.29. The loss 
coefficients at flow ratios of 0.7 and 0.8 have been removed from this curve and the 
polynomial refitted. This data has been fitted with a second order polynomial equation given 
in Appendix A equation A. 2. The use of third order polynomials, as for the other junctions, 
caused excessive divergence at flow ratios of 0 and 1. 
5.5 Presentation of Data 
Two methods of presenting the loss coefficients for the junctions have been used, the 
individual junction plots, Figures 5.15 to 5 . 
21, and the plots of constant loss coefficient, 
Figure 5.22. The plots of constant loss coefficient have been used solely for direct visual 
comparison to Miller. The individual junction plots have been used for the analysis of the 
results and quantitative comparison of the data to Miller. The individual junction plots have 
been preferred to the plots of constant loss coefficient, because it is felt they give a better 
representation of the data both for analysis of these tests and interpretation for general use. 
The constant loss coefficient contours are currently encoded in Flowmaster, and problems have 
been encountered with interpolation and extrapolation of the surfaces. If Flowmaster were 
modified to use the individual junction plots the problems should be overcome, or at least 
greatly reduced. The most robust solution would be to incorporate the curves as fixed 
included angle models, any error due to the use of a fixed angle model will be small. 
Inclusion of this data in BathJ will be for fixed included angle models using the curves of 
Figures 5.16 to 5.19 and Figure 5.29. 
5.6 Closing Remarks 
The loss coefficients determined from the test rig, when adjusted for the inlet contraction, 
show a very good agreement to that of Miller [16]. 
Generally CFD can model the characteristics of a 'Y' junction and hence predict the loss 
coefficient with approximately the same accuracy as the test rig. Care has to be taken with 
the results for included angles in excess of 120°, and to lesser extent with flow ratios above 
0.6, unless a specialised turbulence model is available. 
The test rig has provided substantial data to describe the loss characteristics of 'Y' junctions. 
The errors associated with the test rig are relatively small and within an acceptable range. The 
main source of error was the oscillation present on the manometers. For the accuracy of 
readings taken, this oscillation was of an acceptable size, and it would not be possible to 
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reduce it any further. With the introduction of the '0' ring markers on the manometer tubes 
the impact of the oscillations was greatly reduced. The errors attributed to the test rig did not 
significantly affect the accuracy of the data obtained. 
The test rig has been proved valuable for two purposes. Firstly it has been a source of 
validation for the application of CFD, in particular Star-CD, to the modelling of the pressure 
and flow characteristics of combining 'Y' junctions. Secondly, in conjunction with the CFD 
models it has provided loss coefficient data for combining 'Y' junctions down to included 
angles of 30°. 
Based on the above conclusions, and experience, the loss coefficient curve obtained from the 
test rig for the 30° 'Y' junction, with the end conditions included, is a good representation of 
the loss in a combining 30° 'Y' junction. This data in conjunction with the other data obtained 
from the test rig provides a complimentary set of data to that collected in Miller. 
As a consequence of this test programme a set of models describing the characteristics of 
combining 'Y' junctions in terms of their pressure and flow rate can be developed for use in 
Flowmaster and Bathfp. As stated in Section 5.5 these would use the curves developed within 
this work shown in Figures 5.16 to 5.19 and Figure 5.29 in preference to the constant loss 
coefficient contours of Figure 5.22. 
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CHAPTER 6 
DEVELOPMENT OF BATHfp AND FLOWMASTER FOR THE 
MODELLING OF AIRCRAFT FUEL SYSTEMS 
This Chapter considers how Flowmaster and Bathfp model the components and conditions 
which are specific to aircraft fuel systems, or have a specialised application for aircraft fuel 
systems. For the cases where these cannot be modelled with the components available within 
the component libraries of Flowmaster and Bathfp, models and procedures developed within 
this research are discussed. Initially the methods available with Flowmaster and Bathfp for 
the incorporation of these models shall be considered. 
6.1 Inclusion of User Models 
It is an important requirement to be able to include component models within Flowmaster and 
Bathfp, because of the specialised application of the aircraft fuel system described in 
Chapter 3. 
6.1.1 Flowmaster 
Flowmaster's method of including component models is limited by requiring a standard 
component model to describe the application of the new model, the only input allowed being 
a new characteristic curve. This is appropriate if a new component characteristic is to be 
incorporated, but does not allow the inclusion of completely new models. A FORTRAN 
interface is to be incorporated at some future date to allow user's own encoded models to be 
incorporated. 
6.1.2 Bathfp 
Bathfp has two methods of incorporating ä component model, developing a FORTRAN or C 
subroutine describing the operation of the component, or use of the BathME utility. 
6.1.2.1 FORTRAN and C Models 
The component models are made up of two subroutines. An initialisation routine used to trap 
any user input errors, initialise state variables and calculate any constant factors. This routine 
is only called once at the start of the analysis. The second subroutine is the main analysis 
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subroutine. It contains the actual description of the component and is called at each 
integration time step. 
In addition to the input and output variables, four arrays are passed between the subroutines 
and integrator. These are the resp, iesp, con and icon arrays. resp (real essential parameter) 
is a double precision array, containing the user inputs to the model, eg. length, diameter etc.. 
The iesp (integer essential parameter) array is an integer array containing user inputs to the 
model. These are generally indicators such as the material of a pipe. The con array is a 
double precision working space array and contains data such as constant factors calculated in 
the initialisation subroutine. The icon array is an integer working space array and generally 
contains flags eg. start of run indicators, locations of discontinuities etc. 
All models have access to Bathfp's sub-models and utilities such as curve fitting and 
discontinuity handling, etc.. The models are included in Bathfp through BathMAT as detailed 
in Section 3.6.4. 
6.1.2.2 BathME 
BathME provides a similar type of modelling environment to that of Flowmaster's, though 
more advanced. A series of pressure versus flow rate characteristics can be incorporated, all 
linked by a third variable. The relationship of the input pressure, and output flow rate to these 
characteristics is defined, giving a large degree of modelling capability. The major advantage 
of BathME is that quite complex instantaneous components can be incorporated with no 
programming knowledge, which may be important for an industrial design environment. 
6.2 Modelling of Aircraft Components 
The components which shall be considered in relation to their application to aircraft fuel 
systems are: 
- Centrifugal fuel pumps 
- Fuel tanks 
- Aircraft diffusers 
- Intakes 
- Jet pumps 
- Aircraft engines 
- Non-standard components 
Before considering the modelling of these components we shall examine a discrete loss. This 
is a general component which has been used in many applications throughout this research, 
and provides a good introduction to the other models. 
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6.2.1 Discrete Loss 
The discrete loss is an instantaneous component which models the operation of a component 
based on the general loss equation given in Chapter 3, equation 3.4. 
6.2.1.1 Flowmaster 
The application of the discrete loss within Flowmaster requires the area of the inlet and outlet 
of the component, and either a constant forward and reverse loss coefficient, or a curve of 
forward and reverse loss coefficient against flow rate. 
6.2.1.2 Bathfp 
Bathfp's standard release does not contain a discrete loss model, but a loss coefficient can be 
specified in the pipe models. To enable a reverse loss coefficient to be modelled, and give 
the model some autonomy from the pipe model, a discrete loss has been developed. The 
inputs to the model are the inlet and outlet pressure and the outputs are the inlet and outlet 
flow rate. The flow rate is modelled using the general loss equation given in Chapter 3, 










Allowing for different loss coefficients in the forward and reverse directions, the forward and 
reverse flow rates can be written as, 
Forward flow: 
_ 9f 
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Reverse flow: 
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,P P 
This is encoded in the model as shown below. The variables con(1) and con(2) are the 




c The model 
c Check sign of dettap_si and calculate q 
if(dettap_si. tt. 0. OdO)then 
c detta_p is -ve so reverse flow 
c convert to +ve and multiply q by -1 
dettap_si-dettap_si*-1. OdO 
q_si--1. OdO*con(2)*sgrt(dettap si) 
else 
c dettap is +ve so forward flow 
q_si-con(1)*sgrt(dettap_si) 
endif 
c Convert q to L/min 
qout-q_si*60000 
c calculate qin--qout 
qin--qout 
end 
A curve of loss coefficient against flow rate has not been included in this model, because 
BathME provides a better graphical environment for incorporating data in this form. 
6.2.2 Centrifugal Fuel Pump Modelling 
Centrifugal fuel pumps used within aircraft fuel systems are, at present, constant speed pumps. 
For analysis purposes only their steady state operation need be considered. Therefore the 
pumps can be adequately described with a pressure flow characteristic. The modelling 
approaches used in Flowmaster and Bathfp use the same base data, but it is applied in different 
ways. 
6.2.2.1 Flowmaster 
In Flowmaster, pumps are modelled using modified Suter [16] parameters which convert the 
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into a Suter head parameter and Suter Torque parameter, 
WR = 
H* 6.6 
N'2 + Q'2 









N' = Normalised pump speed. 
ft = Normalised pump head. 
Qs = Normalised pump flow rate. 
t1! = Normalised applied torque. 
WH = Suter head parameter 
WM = Suter torque parameter. 
Typical curves are plotted in Figure 6.1. These relationships when used in preference to the 
head, torque and flow rate are reported [16] to eliminate difficulties which can arise within 
computational analysis when head, flow rate, torque or speed become zero. This is most 
marked for the iterative solution method of Flowmaster. 
The Suter normalised characteristic enables similar pumps of different capacity and rotational 
speed to be modelled with the same curve. Unfortunately this generalisation cannot be utilised 
for aircraft fuel pumps because the pump characteristic changes with altitude and temperature. 
Thus curves for all conditions have to be determined creating a large volume of data. It has 
been found that the pump characteristic is dependent on the pressure at the pump inlet, 
sometimes referred to as the Net Positive Suction Pressure (NPSP) [18]. Creating a series of 
pump characteristics based on a constant NPSP greatly reduces the volume of characteristic 
curves required. 
Flowmaster only allows one characteristic curve to be modelled. It requires the NPSP of the 
pump calculating before the analysis commences. For a direct entry pump this is simply 
calculated from the head of fuel above the inlet and tank pressure. For a remote inlet pump 
the pressure loss through the inlet pipe is ignored when calculating the NPSP. 
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6.2.2.2 Bathfp 
There is no model of a centrifugal pump within Bathfp's standard model library. Instead the 
BathME utility, described in Section 3.6.5, is used to develop a model based on pressure and 
flow rate data. The data is incorporated in BathME with the pressure as the independent 
variable (y) and the flow rate as the dependent variable (x). BathME models this data as 
x= f(y) or q= f(p). To define the x, y data in terms of a fuel pump characteristic the 
following equations are used: 
X= Pow - P. 
4, = -Y 
40 = '9Q 
BathME allows a set of characteristics to be incorporated within a single model, each 
characteristic being defined by a third variable (z) if required these can be interpolated. The 
pump characteristics can be incorporated as NPSP curves with z defined as the NPSP. The 
correct NPSP curve can then be automatically selected and altered during analysis, if a fourth 
equation is included. 
= PM 
This method enables NPSP curves to be used to describe the operation of both direct entry and 
remote inlet pumps. If z is interpolated, the number of curves required to describe the pump 
can be further reduced. 
6.2.3 Aircraft Fuel Tanks 
A tank is a specialised component that defines one of the boundaries of a simulation network, 
and as such requires either the flow rate or the pressure to be defined explicitly. 
In the majority of disciplines a tank is considered and modelled solely as a pressure boundary 
condition. In a fuel system the tank is one of the most important components and is 
characterised by the following: 
- The geometry is complex and varies due to both flexing of the wing, and 
pitch and roll of the aircraft 
- The volume of fuel within the tank at any time is an important parameter 
- Surface pressure varies due to altitude and atmospheric conditions 
- There are multiple inlet/outlets at different heights, some having multiple 
applications, such as the refuel lines used also for the transfer of fuel. 
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A sectioned diagram of an aircraft wing tank is given in Figure 6.2 to give an indication of 
the typical complexity of a fuel tank. 
6.2.3.1 Flowmaster 
Aircraft fuel tanks can be modelled under normal operations in Flowmaster using the supplied 
constant head reservoir and finite area reservoir. For specialised applications the accumulator 
model or a representation of the tank with a pipe may be appropriate. 
The constant head reservoir can only be used for cases where the pressure at the tank remains 
constant and the volume is not required to be modelled. This generally restricts this model 
to steady state conditions for aircraft applications. 
The finite area reservoir seems quite an appropriate model but it suffers from two restrictions 
which make it difficult to apply. Aircraft fuel tanks are described by the manufacturers as a 
series of volume-height relationships, the finite area reservoir requires an area-height 
description. The second restriction is the interpretation of the area-height curve within the 
model. This has led to errors of geometry description up to 10%. The model integrates the 
area with respect to height to calculate the volume. The integration method used is fairly 
simplistic, only taking ten equal steps over the height range. This method is only suitable for 
relatively simple geometries, not for the complex geometries of aircraft fuel tanks. This is 
illustrated in Figure 6.3, which shows a typical area height curve for an aircraft fuel tank. 
When the spacing of the integration algorithm is superimposed on it, the errors can be clearly 
seen. 
An accumulator can be used to model an aircraft fuel tank where the compression of the air 
in the tank is of interest. A restriction of this model is that venting of the air from the 
accumulator cannot be modelled. A good application of this model is for the prediction of the 
performance of the vent system during an emergency descent, see Section 7.3.3.1. 
A pipe can be used to model an aircraft fuel tank though this is only appropriate if flow is 
passing through the tank. An application of this is to model an aircraft fuel tank during refuel 
overflow (Section 7.3.2.2) when the fuel leaves the tank through the vent system. Any shape 
of pipe is appropriate. The dimensions of the pipes are set so that its cross sectional area is 
the average cross sectional area of the tank, and its length is set to the height of the tank. The 
nodes at inlet and outlet are also set to represent the height of the tank. A discrete loss model 
will be required at inlet and outlet to model the inlet and outlet losses. The area of these will 
be set to the area of the inlet and outlet pipes. 
All of the Flowmaster tank models have only one port, whereas aircraft fuel tanks have 
multiple inlets and outlets at different heights. To model these outlets a series of discrete loss 
models, representing the tanks outlets, are connected to the tank port as shown in Figure 6.4. 
ß0 
The height of the tank base above a pre-defined datum is set in the node at the tank outlet. 
The height of the tank outlets are set in the, nodes at the outlet of the discrete losses 
representing them. 
6.2.3.2 Bathfp 
Bathfp's standard release only contains models of constant pressure tanks. Generally these are 
restricted to steady state conditions for aircraft applications, similar to the constant pressure 
reservoirs of Flowmaster. To overcome this restriction, specific aircraft fuel tank models have 
been developed by the author during this research. 
Development of Fuel Tank Model 
The various applications require these models to be adaptive to the differing simulation 
requirements. For example, a complete model of the fuel system will require all of the outlets 
of the tank to be modelled, but when considering the engine feed system in isolation, only the 
relevant outlets need to be considered. 
Three approaches to the modelling of aircraft fuel tanks in Bathfp were considered. 
-A single complete model including all outlets. 
-A series of models for the different applications. 
-A set of modules from which a 'total' tank model can be built. 
The first approach requires unused outlets to be 'blanked off. This is both untidy and will 
create zero flows, which can lead to modelling problems. The second approach will lead to 
a very large number of models for each tank, leading to a large and cumbersome model 
library. The third approach has been selected as it gives flexibility to the models. Its only 
drawback being that the tank is constructed from more than one model, though this is of only 
minor concern. 
The implementation of this approach uses two models to describe the tank. A model of the 
tank itself with a single port, and a series of outlet models with a differing numbers of ports. 
Fuel Tank Model 
The aircraft fuel tank is modelled as a pressure specifying component with a complete 
geometry description of the tank. The model has one input, the flow rate at the tank port, and 
one output, the pressure, which is defined as an external state variable. It has two internal 
variables, the volume of the fuel within the tank, which is an internal state variable, and the 
height of fuel within the tank. 
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The geometry description of the tank is in the form of a polynomial equation describing the 
tank volume as a function of the tank height. The polynomial is fitted from height-volume 
data, with a least squares method, the order being dependent on the complexity of the tank 
geometry. This is encoded in the model as a FORTRAN function. 
The pressure on the tank port is defined as: 
p=p+ pgh 6.9 
Its time derivative is: 
dp 
_d _-+d (P8h) 6.10 dt dt dt 
dP dpsw 
+g PA +hd 6.11 




di dV dt 
Dv/dt is the flow rate at the tank port. 
dh/Dv is obtained from the geometry description of the tank. An equation describing the tank 
height as a function of volume is obtained from the tank geometry data, and differentiated 
with respect to volume. This is then encoded in the model in a similar manner to the volume 
height equation. 
The rate of change of surface pressure dp, Jdt is equal to the rate of change of atmospheric 
pressure. This is stored in the common block atmos which is created by the environmental 
component ENOJ described in Section 6.3.1.2. 
The rate of change of density dp/dt is due to changes in altitude and is defined by the 




+S P9 +hJ6.13 
dt dt dV dt 
The volume of fuel in the tank is defined as: 
ai' "1) 
V=Vi+ f qdt 6.14 
Kn) 
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Its time derivative is: 
dV 
- =4 dt 
6.15 
The tank volume has clearly defined upper and lower limits. The upper limit is the maximum 
volume of the tank, and the lower limit is the unusable volume of the tank. Within these 
limits the time derivatives of the tank pressure and the volume of fuel within the tank are set 
to the values of 6.13 and 6.15 respectively. Outside these limits the flow rate within the 
model is taken to be zero. Therefore the time derivative of volume is set to zero, and the time 
derivative of pressure is set to the rate of change of surface pressure. Although the flow rate 
is set to zero within the model, this is not enforced on the network because the tank's flow rate 
is an input. 
A typical example of the coding of the model is shown below. icon(1) indicates the state of 
tank operation, con(2) is the unusable volume in litres, and con(6) the maximum volume of 
the tank. All other variables are self explanatory. The application of the subroutine dishan 
is explained in Section 3.4.3.2. 
c check if integrator has just started or restarted (limit-0) 
if(timit. eq. 0)then 
if(vot. ge. con(2). and gin. ge. 0. Od0)then 
c tank is full and attempting to fill further 
icon(1)-1 
etseif(vot. te. con(6). and. gin. te. 0. OdO)then 
c tank is empty and attempting to empty further 
icon(1)--1 
else 
c tank between full and empty or at limits 




if(icon(1). eq. 1)then 
c tank futt and attempting to fitt further 
votdot-O. OdO 
pdot-(dpsur_dt)/1.0d5 
c check if flow becomes negative. 
call dishan(timit. gin. 1t. 0. Od0.. fatse. ) 
endif 
if(icon(1). eq-1)then. 




c check if flow becomes positive. 
call dishan(timit, gin. gt. 0. OdO,. fa. se. ) 
endif 
if(icon(1). eq. 0)then 
c tank within operating range, or at limit but with flow 
c in correct direction 
votdot-qin/60 
dh dv-dh dv_tkct(vot) 
pdot-(dpsur_dt+(g*((h*drho dt)+(rho*dh_dv*votdot))))/1.0d5 
c check if going out of range 
call dishan(limit, (vol. 1t. con(6). and. qin. le. O. OdO) 
+ . or. (vot. gt. con(2). and. gin. ge. O. OdO), 
+ abs(con(6)-vot). tt. tot. or. abs(vot-con(2)). tt. tot) 
endif 
c Sort out static head from total 
pstat. (pout-resp(1))*1.0d5 
c Catc of head 
h-pstat/(rho*g) 
end 
This model is restricted in application to cases where the volume remains within the unusable 
and maximum volume of the tank. This does not create too great a problem, because for the 
majority of applications it is required to model the tanks operating within these limits. 
Fuel Tank Model with Control Port 
For applications where it is desirable to analyse the network beyond the filling and/or 
emptying of a tank, a means of setting the -input flow rate to the tank to zero when the volume 
of fuel in the tank exceeds the maximum volume, or becomes less than the unusable volume 
is required. This has been achieved by adding a signal port to the tank, which signals a tank 
inlet valve to close when the fuel volume is greater than the maximum volume or less then 
the unusable volume. At all other times it is signalled open. The port has one output which 
is a state variable. It is set to one if the tank volume is between unusable and full, and set to 
zero outside this range. ' 
The use of a state variable for the signal may seem a strange choice as it is a discontinuous 
variable with only two possible values. The integrator requires the models to be explicit as 
explained in Section 3.4.3. For a component at the termination of a branch of the system this 
requires all of its outputs to be defined without reference to the inputs. Defining the signal 
as a state variable makes it available to the integrator and hence defined. 
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The model sets, or changes, the value of the signal at the start of the run, ie. when limit=0, 
or when the volume reaches the upper or lower limit and it as been located sufficiently 
accurately by dishan ie. when limit=4. A model is only allowed to change a state variable 
when the integrator is just starting or restarting, ie. limit=0 or 4. Attempts at changing state 
variables at any other time would fail the integrator, and this is prevented by the discontinuity 
handling routine. 
The modification to the model is highlighted in the code below. This is only for the tank 
within its operational limits, but for the other two cases, the application is very similar. 
if(icon(1). eq. 0)then 
c tank within operating range, or at limit but with flow 
c in correct direction 
votdot-qin/60 
dh_dv-dh_dv_tkct(vot) 
pdot-(dpsur_dt+(drho dt*g*dh dv*votdot))/1.0d5 
c check if going out of range 
call dishan(limit. (vot. tt. con(6). and. gin. te. 0. OdO) 
+ . or. (vol. gt. con(2). and. gin. ge. O. OdO). 
+ abs(con(6)-vot). tt. tot. or. abs(vol-con(2)). lt. tol) 
c check if limit-4. if so require to reset sig 




Tank Inlet/Outlet Model 
The tank inlets are a series of instantaneous manifold type models with from two to six ports. 
In all cases there is a single outlet for connection to a tank model and between one and five 
inlet ports dependent on the model, for connection to the various parts of the fuel system, as 
indicated in Figure 6.5. 
All ports have pressure as an input and flow rate as an output. For each inlet a forward and 
reverse loss coefficient, and the height above the base of the tank are modelled. These enable 
the model to be tailored to most circumstances. 
The inlet flow rates are modelled using the general loss equation given in Chapter 3, 
equation 3.2, which can be expanded in terms of flow rate as in Section 6.2.1.2 equation 6.1, 




Ap =(p, -p0) -pgh 6.16 
where 
p, = pressure at inlet. 
PO = pressure at outlet. 
h= height of port above base. 
Allowing for differing losses in the forward and reverse directions, the forward and reverse 
flow rates can be written as: 
Forward flow: 
_ 9f 




d'((p. -p1) - pgh) 6.18 
8k, P 
An extract of coding for a two inlet model is given below, resp(2) is the height of port 1 
above a pre defined datum and resp(6) is the height of port 2 above the pre defined datum. 
The four elements of the con array contain the constants of equations 6.17 and 6.18. All other 
variables are self explanatory. 




c The model 
c ginl 
if(dettapl. tt. 0. OdO)then 








if(dettap2. tt. 0. OdO)then 





c flow into tank 
gin2-(con(3)*sgrt(dettap2))*6.0d4 
endif 
c Calculate total outlet flow 
gout--ginl-gin2 
and 
Tank Inlet Valve Model 
The valve for controlling the flow from the fuel tank is an instantaneous model which can be 
either open or closed. It has three ports, two fluid which have pressure as an input and flow 
rate as an output, the third port is the signal port which has an input only. 
If the signal input to the model is zero, the inlet and outlet flow rates are set to zero. If the 
signal input to the model is one, then the flow rate is calculated from equation 3.2, the general 
loss equation. This can be expanded in terms of flow rate and rewritten as in Section 6.2.1.2, 




This is encoded in the model as shown below. The variable icon(1) is set to the value of the 
signal (sigin) when a discontinuity has been located sufficiently accurately and a restart has 
been selected ie. when limit = 0. This enables the change in the valve signal to be detected 
by comparison to icon(1). con(1) is the constant factors of the general loss equation, all other 
variables are self explanatory. 
c Find dettap 
dettap-pin-pout 
dettap_si-1.0d5*dettap 
if(icon(1). eq. 0)then 
c valve closed 
qin-0. d0 
qout-0. d0 
c call dichan to check if sigin changed from last catt 
call dishan(limit. sigin. eq. I. OdO,. false. ) 
etseif(icon(1). eq. 1)then 
c valve open 




c call dishan to check if sigin changed from last catt 
catt dishan(timit. sigin. eq. 0. OdO.. fatse. ) 
endif 
6.2.4 Diffusers 
The operation of aircraft diffusers is described in Section 2.3.2. Figure 2.6 shows a typical 
diffuser. Modelling of diffusers causes substantial problems due to a lack of data describing 
their performance in terms of pressure and flow rate. Testing has been carried out to assess 
their ability to diffuse the flow in the smooth manner required and with the minimum of spray, 
[56,57], but no testing to assess the pressure loss due to this diffusing action has been 
conducted. One of the recommendations for future work from this research is that an 
extensive test programme for aircraft refuel diffusers is undertaken. 
Various methods are used by individuals to allow for the effects of diffusers in pressure flow 
rate analyses. These are usually a fixed loss coefficient, the magnitude being dependent on 
the individuals view. Two approaches to the modelling of diffusers are presented here. The 
first models the losses due to the diffusing action as a fixed loss coefficient of one and the 
friction losses of the diffuser are accounted for with a pipe the length of the diffuser. This 
results in the flow rate of the diffuser being equal to: 
nd`Ap 
9 
8p 1 +fl 
d 
6.19 
Where l is the length of the diffuser pipe, d its diameter and f its friction factor. The second 
model is based on an orifice law with the diameter set to a value which represents the 
discharge area of the diffuser pipe outlet. This second method requires the orifice model to 
be based on a theory with the orifice diameter independent of the pipe diameter, because the 
area of the pipe discharge is always greater than the pipe area. A theory which is appropriate 
is one based on reference [56], where the pipe diameter and discharge characteristics are 
accounted for in a discharge coefficient(Cd). 
q= CdA 2gh 
6.20 
This method cannot be used with Flowmaster analyses because the restrictor model used is 
based around the general loss equation (equation 3.4), with the loss coefficient a function of 
the ratio of the orifice area to the pipe area, and is only valid for ratios between zero and one. 
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To illustrate the two methods a simplified refuel type network for a single tank is modelled 
with Bathfp, using both diffuser models, Figure 6.6. The tank is representative of an aircraft 
wing tank, the pressure at the refuel coupling was 3 bar. The discrete losses of Figure 6.6a 
are incorporated in the tank inlet model. Results for the analyses are given below for one of 
the diffusers. 
Flow Rate (Umin) Pressure Drop (bar) 
Discrete Loss Model 713 0.013 
Restrictor Model 742 0.755 
The above results show a large difference in the prediction of the pressure drop across the 
diffuser, but good agreement on the flow rate through the diffuser. Similar flow rates can be 
achieved in the two models even with the large difference in predicted pressure drop, because 
the flow rate is determined predominantly by the characteristics of the refuel restrictor (see 
Sections 2.3 and 7.3.2.1). The difference in pressure drops across the two models is not too 
significant because a refuel network is specified with an inlet and outlet pressure and 
determines the flow rates within the network. Which, if either, of the two models is predicting 
the correct pressure drop cannot be determined, due to the lack of data on the operation of 
diffusers. Until further data is available the application of either model to describe a diffuser 
is considered appropriate. 
6.2.5 Intakes 
In terms of a fuel system, intakes refer to those in the surge tanks which connect the vent 
system to the atmosphere, Figure 2.12. The intake is generally of the form of a flush fitting 
NACA intake, designed to resist ice build up during flight, and provide a small ram pressure 
(0.017 bar) to pressurise the tanks. 
Modelling of intakes has similar problems to those associated with diffusers due to lack of loss 
data. In this case the problem is not so acute, because a characteristic of the inlet loss is 
known, a typical example is given in Figure 6.7, but the outlet loss characteristic is not 
available. 
6.2.5.1 Flowmaster 
Intakes are modelled with the discrete loss model with the outlet characteristic incorporated 
as a curve of loss coefficient against flow rate. The inlet loss is modelled with the outlet loss 
characteristic, as no better data is available. 
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6.2.5.2 Bathfp 
The BathME utility, described in Section 3.6.5, is the most appropriate method for 
incorporating an intake. The pressure versus flow rate curve describing the inlet loss 
characteristic is incorporated in BathME with the pressure as the independent variable (y) and 
the flow rate as the dependent variable (x). BathME models this data as y= f(x) or q= f(p). 
To define the x, y data in terms of an intake loss characteristic the following equations are 
used: 
x= Al - Pow 
91 _ -Y 
R, 1 = -4ý 
The outlet loss will be accounted for with the inlet loss curve, in the light of no better data. 
6.2.6 Jet Pumps 
The operation of, and advantages and disadvantages of, jet pumps are presented in 
Section 2.5.2.2. Jet pumps have two applications within aircraft fuel systems, as a means of 
fuel transfer and as an engine feed boost pump. In the role of a transfer pump the motive 
flow of the jet pump is usually supplied from the centrifugal engine feed boost pumps. When 
the jet pump is the engine feed boost pump, the motive flow can be taken from engine 
mounted feed pumps if excess capacity is available, as reported by Klapprrot [59]. For 
commercial civil aircraft, the pressure and flow rate required by the engines would require a 
much larger motive flow than that reported in [59] and has been found to be non-economical 
[60 to 63]. The only application of jet pumps encountered within this research has been solely 
for transfer purposes. In this capacity a jet pump generates a small, almost negligible head, 
in preference to a high transfer rate. Modelling of this has been found to be adequate with 
a flow source. 
Jet Pump Model 
At present there is no model of a jet pump incorporated in either Flowmaster or Bathfp. The 
following is the form of model intended for Bathfp. At present there is no means of 
incorporating a jet pump into Flowmaster because a standard model with two inputs and one 
output is not available. 
The approach that is to be adopted is to determine the operational characteristics of the jet 
pump from its geometry. The equations describing the operation are derived from continuity, 
and energy and momentum balances across the jet pump. This is one of the most common 
approaches to determining the operation of the jet pump and some of the notable works 
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published on this subject are those due to Kentfield and Barnes [65], Winchester et al [66], 
Sanger [67,68], Wilman [69], Reddy and Kar [70] and Reddy [71]. The algorithm proposed 
for this model is based on the theory of Sanger [67]. The equations developed by Winchester 
et al [66] also show a close similarity to those of Sanger. The determination of loss 
coefficients for the various components of the jet pump are taken from Wilman [69] and 
Reddy [71]. 
The model will have pressure as the input for the three ports and flow rate as the output. The 
input variables to the model will be: 
- Motive flow nozzle outlet diameter 
- Motive flow nozzle angle 
- Motive flow nozzle length 
- Suction flow nozzle angle 
- Suction flow nozzle length 
- Mixing tube diameter 
- Mixing tube length 
- Friction factor to apply to mixing tube 
- Diffuser outlet diameter 
- Diffuser efficiency 
- Design mass flow ratio. 
Four dimensionless parameters are commonly used to describe the performance of jet pumps, 
and are used in this model. 
Jet nozzle to mixing tube area ratio 
R=Al 6.21 
A. 
Suction to motive mass flow ratio 




Pj - Pd 
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Efficiency 
il =MN 6.24 
Sanger [67] developed an equation for the pressure ratio from continuity and momentum and 
energy balances across the' jet pump. This analysis was based on one-dimensional 
incompressible equations, but the mixing process is three-dimensional. To account for these 
differences he supplemented the analysis with empirical information. The resultant 
relationship for pressure ratio taken from [67] is: 
2R + `R2M2 -(1 +kk +kß)(1 +M)2R2 -(1 +kj) 
R2M2 
N= 
1 -R (1 -R )2 6.2 5 
1 +kj -2R - 
2R2M2 
+(1 +k +kd)(1 +M)2R2 
1 -R 
and the motive mass flow rate: 
9.93( Pj - P, ) 
10.76pAig, p/ 2g 
m1 - 6.26 
g i J(1 
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A complete development of these equations is given in reference [68]. 
For incompressible flow the density of the motive and suction flows is equal and therefore the 
volumetric flow ratio will be equal to the mass flow ratio of equation 6.22. 
Solution Method 
Solution of equations 6.22 to 6.26 requires the mass flow ratio to be known. This will only 
be known when the jet pump is operating 'on design' conditions. In general it will not be 
known if the jet pump is operating 'on design' conditions until a solution is obtained. 
Therefore a means of solving for the mass flow ratio for all conditions is required. The 
number of equations and data available do not permit an explicit solution for the mass flow 
ratio. The only means of obtaining it is through iterative solution of equation 6.25, with the 
pressure ratio N obtained from the input pressure at the three ports and equation 6.23. The 
iterative solution would be most appropriately started using the design mass flow ratio, this 
would be supplied as a user input to the model. 
With the mass flow ratio known, the motive mass flow rate, and hence volumetric motive flow 
rate can be determined from equation 6.26. The suction volumetric flow rate can be obtained 
from the mass flow ratio, equation 6.22, and the delivery volumetric flow rate will be equal 
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to the sum of the motive and suction volumetric flow rates. Efficiency can be calculated from 
equation 6.24 if required. 
Loss Coefficients of Individual Components 
Motive Flow Nozzle Loss Coefficient kf 






where O is the semi-cone angle of the motive flow nozzle and n, is the rate of contraction of 
the motive flow nozzle 
Suction Flow Nozzle Loss Coefficient k, 
Reddy [71] proposes a modification of Equation 6.27 for the suction nozzle to reflect that it 
is an annular nozzle: 
k =face, i-1 +fcote, i- 1 8 ný 8 n; 
6.28 
where 0, is the semi-cone angle of the suction flow nozzle and n, is the rate of contraction 
of the suction flow nozzle. 
Mixing Section Friction Loss Coefficient k,,, 
For a given friction factor, this is calculated from [16]: 
k. =f6.29 
d 
Diffuser Loss Coefficient kd 
The loss coefficient for the diffuser, derived by Wilman [69] is given by: 
d4 
,6.30 kd = (1 - rld) 1-dd 




The engine of a modem jet aircraft is a complex system with many control parameters to 
provide optimum performance. The engine manufacturers are concerned with controlling 
engine transient performance such as compressor surges, engine accelerations and 
decelerations, over fuelling control etc. To this end engine manufacturers have developed 
highly detailed models of the operation of the engines [72,73,74]. From the point of view of 
the airframe fuel system the engine can be considered simply as a flow demand, with an inlet 
pressure dependent on the characteristics of the engine feed system. 
Both Flowmaster and Bathfp model the effects of an engine quite adequately with a flow 
source model [75,76]. In both packages this simply represents a flow source or demand on 
the network. Use of the flow source model ensures the pressure modelled at the engine inlet 
is determined by the characteristics of the network. 
6.2.8 Non-Standard Components 
This Section is concerned with components which are effectively 'one-offs' and can be 
adequately described with an instantaneous model. If the dynamic operation of the component 
is required to be modelled, then a specific component model would have to be developed. 
These components can be split into two categories, both based around a model of their loss 
coefficient. The first are those for which the loss coefficient can be obtained from 
combinations of coefficients from sources such as [16,29,30]. The combination of the 
coefficients will usually require an educated engineering judgement to determine the 
appropriate combinations and weightings of the loss coefficients. A good example of this type 
of component is the gravity feed inlet of the engine feed system of the first case study, 
Section 8.1.4. 
The second category are those for which the loss coefficient cannot be determined from 
modified standard component loss coefficients. The loss coefficient in these cases can be 
obtained from either test rigs or the use of CFD models of the component. As explained in 
Chapter 4, test rigs are usually not appropriate due to the cost of manufacture and test time. 
A good example of obtaining loss coefficients from both a test rig and CFD is given in 
Chapter 5, and an example of loss coefficients obtained solely from CFD is given in the 
second case study, Section 8.2.4. 
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63 Modelling of Aircraft Conditions 
6.3.1 Altitude 
To adequately model aircraft fuel systems the effects of altitude on the operation of the system 
must be taken into account. The atmospheric temperature and pressure are a function of the 
altitude, and the properties of the fuel are a function of the temperature. Therefore any change 
in altitude results in a change of atmospheric pressure and fuel properties. 
To take account of the effects of altitude on the atmospheric conditions and fuel properties can 
range from simply setting the fluid properties and atmospheric conditions to those appropriate 
for a constant altitude, to modelling the variation of both the fluid properties and atmospheric 
conditions due to changes of altitude during analysis. 
63.1.1 Flowmaster 
Flowmaster can adequately model the fuel properties and atmospheric conditions for a constant 
altitude. It is restricted though in its application to the modelling of altitude changes, because 
the fluid properties remain fixed throughout the analysis. If it is required to model the effects 
of altitude change then the following guide-lines will be an aid to making the most of the 
analysis. 
- When allowing for the changes it is important to always make pessimistic 
predications of the results. Therefore fluid properties at the lowest altitude 
should be used, giving the greatest loss. 
- Tanks will be best modelled with pressure sources rather than reservoirs, a 
time history of pressure which reflects the atmospheric pressure can then be 
used. 
- If a finite area reservoir must be used to model a fuel tank, the surface 
pressure will be constant throughout the analysis, so the pressure which will 
provide the most pessimistic solution should be used. 
- An accumulator should only be used to model an un-vented fuel tank. The 
effects of compression or expansion of the air space are modelled, and 
reflected in the surface pressure. An example of this is given in 
Section 7.3.3.1 for the study of emergency descent. 
Inlet pressures to the system should be modelled with pressure sources, with 
the pressure reflecting the atmospheric pressure. 
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63.1.2 Bathfp 
The standard release of Bathfp, like Flowmaster, is restricted to modelling constant 
atmospheric conditions and fuel properties. The effects of altitude changes on the atmospheric 
conditions and fuel properties have been included with the introduction of a specialised model. 
This adjusts the atmospheric conditions and fuel properties throughout the analysis, based on 
an altitude profile defined in the model. The model differs from other models as it has no 
ports. Any model of this type is interpreted by the code generator as an environment model, 
and is always the first model called by the integrator, ensuring any changes to the atmospheric 
conditions and fuel properties are made at the start of any time step. 
Fluid properties are stored in a common block flupro. If any model or utility requires any 
fluid properties, they are read from this common block at each time step. Atmospheric 
conditions are not incorporated in Bathfp in its standard release. To allow for their effect a 
new common block atmos has been introduced into the code. This is used in an identical 
manner to flupro, and stores the atmospheric temperature, pressure and rate of change of 
pressure. 
The Model 
The altitude profile is defined in twenty stages which may be constant, stepped or ramped. 










Rate of change of density. 
The atmospheric conditions are described with an International Standard Atmosphere (ISA) 
model [77] which is encoded within two 'C functions [78]. An allowance for temperature 
variations from ISA is incorporated through a fixed temperature difference. The fuel 
temperature is given the same value as the atmospheric temperature but with a constant time 
delay to allow for the effects of structural heating. The description of the fuel properties 
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variation with time are taken from standard data sheets [79] and are encoded in a third 'C 
function [78]. 
The atmospheric conditions and fuel properties are determined at each time step. The rate of 
change of the atmospheric pressure and density are calculated from their values at the start and 
end of the altitude profile stage and the time of the stage. 
An extract from the code showing the modelling of the atmospheric conditions is given below. 
The con array contains the duty cycle of altitude against time, icon(1) is the current stage of 
the duty cycle and resp(1) is the variation from standard ISA temperature. thetaatm palm and 
dpatm dt are the atmospheric temperature, pressure and rate of change of pressure 
respectively. atmtemp_ and atmpress_ are two 'C functions which describe ISA for 
temperature and pressure respectively when passed the altitude as an argument. iapl, iap2, 
iatl and iat2 are array pointers which define the position of the altitude and pressure in the 
con array at the start and end of the current duty cycle. 
c ATMOSPHERIC TEMPERATURE 
thetaatm-atmtemp_(att)+resp(1) 
c ATMOSPHERIC PRESSURE 
paten-atmpress_(att) 
c RATE OF CHANGE OF ATMOSPHERIC PRESSURE 









If the analysis time is less than the time lag of the fuel temperature, the fuel properties are 
based on the temperature at the start of the first stage of the temperature profile. 
6.3.2 Pitch and Roll 
The effects of pitch and roll are required to be modelled to take account of the effects of. the 
change in heights of the various points in the network. These changes in heights will only 
have an affect on the operation of the network at pressure specifying boundary conditions, 
where the change in head will either decrease or increase the pressure. It may also be required 
97 
to consider the effects of height on high points in the network where the pressure may drop 
to critical values. 
6.3.2.1 Flowmaster 
The network cannot be rotated through a defined angle in the pitch or roll axis. An 
application of this type is not appropriate to Flowmaster in its current form, because the 
network components are not defined spatially. The height of tanks and nodes can be defined, 
and it is by this means that pitch and roll are accounted. This requires the change of height 
of a node to be determined external to Flowmaster and incorporated within the analysis. 
These heights are fixed throughout the analysis so the effects of rotation during an analysis 
cannot be accounted. 
6.3.2.2 Bathfp 
As for Flowmaster the analysis platform cannot be rotated through a defined angle, nor is this 
appropriate, due to components spatial positions not being known. There is no provision 
within Bathfp's standard release to allow for heights within the network. The height of the 
individual ports of the tank inlet models can be defined, Section 6.3.2, and the effects of pitch 
and roll accounted for similar to Flowmaster. 
Inclusion of Rotation of Platform 
It is possible to include the effects of rotation of the analysis platform within component 
models, with the rotation defined in an environment component similar to ENVO. This has not 
been developed due to the amount of data required to define the spatial coordinates of the 
components within the network. Before this is included, a link to the Computer Aided Design 
(CAD) package on which the fuel system is developed will be required. This link would 
automatically input the dimensions and position of the components. 
A limited implementation could be incorporated which would be only allow rotation of the 
pressure specifying boundary conditions. This will require the position of the fuel tank outlets 
to be obtained from the CAD package. This has not been incorporated due to problems with 
obtaining this data. When this becomes more readily available it will be incorporated. 
6.4 Closing Remarks 
The development of the models and methods described above has enabled Flowmaster and 
Bathfp to model aircraft fuel systems adequately. 
The restrictive method of including component models within Flowmaster has limited the 
component models that can included. Those not fully implemented at present are a jet pump, 
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fuel tank with a complete geometry description and the variation of fuel properties during an 
analysis. Both of these are only required when the dynamics of the system require 
considering, and for dynamic cases Flowmaster is not usually used. With the inclusion of the 
FORTRAN interface these restrictions should be lifted. 
With the inclusion of the models described in this Chapter, Bathfp is able to simulate the 
majority of the operations of aircraft fuel systems. Its only restriction is the ability to 
automatically rotate the network through defined pitch and roll angles updating the relevant 
heights within the network. This has not been included due to the amount of data required 
from the CAD system for its implementation, which would make it impractical to use. 
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CHAPTER 7 
APPLICATION OF THE COMPUTATIONAL METHODS TO AIRCRAFT 
FUEL SYSTEM MODELLING 
This Chapter brings together the experience and knowledge that has been gained and 
developed during this research, and presents it in two forms. The first takes the software 
described in Chapters 3 and 4, and the models developed by the author during this research 
described in Chapter 6, and considers their application to the general analysis types. This 
section is intended to give general guidance as to the appropriate method to use in a particular 
instance and from this provide the basis for the development of new procedures and methods 
for new applications. The second part of the Chapter takes the same software and models and 
presents them in a design procedure for aircraft fuel systems that has been developed by the 
author as part of this research. 
All of the methods and examples contained in this Chapter have been developed and 
undertaken during this research. 
7.1 Analysis Types 
7.1.1 Network Simulation 
Chapter 3 introduced and explained the operation of the two network simulation packages used 
throughout this research. It explained the reason for the selection and use of two packages 
because a single commercial package cannot totally model an aircraft fuel system due to the 
unique operation and operating conditions. This Section details the advantages and 
disadvantages of each of the packages to typical analysis types. 
7.1.1.1 Steady State 
Both Flowmaster and Bathfp adequately model the steady state actions of a network. On the 
surface Flowmaster may seem the most appropriate method because it actually solves the 
steady state equations describing the network. On the other hand, if Bathk is used for a 
steady state analysis, the input will be either a constant pressure or constant flow rate with 
constant boundary conditions, and will therefore solve directly for the steady state. 
Flowmaster does have a slight advantage with its specific steady state results display. Steady 
state results in Bathfp are displayed on the component's result selection pop up window. 
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Either Flowmaster or Bathfp are appropriate to the analysis of steady state networks. The 
choice of which to use will invariably come down to personnel preference, or whether the 
network to be analysed already exists in one of the packages. 
7.1.1.2 Dynamic Analysis 
Both Flowmaster and Bathfp analyse dynamic operation of a network, though the method 
employed by each is quite different. Bathfp uses a time series integration method, 
incorporating an adaptive time step with discontinuity handling, see Section 3.4.3.2. Little 
set-up is required for a run, with only the start and end times required. Flowmaster carries 
out a series of steady state analyses at fixed user defined time steps, as explained in 
Section 3.4.2.1. This results in effectively a quasi-steady state analysis. The major part of 
setting up the run is in the selection of the time step. Application of the fixed user defined 
time step requires additional set-up for the analysis and can result in excessively long run 
times. It requires the point of maximum dynamic activity to be determined, and a time step 
appropriate to this selected. This will usually require a series of runs to be carried out over 
this period to determine the optimum time step. If the time step is too large, failures to 
converge to solution will be encountered during the run, but if the time step is too small, 
excessively long runs will be encountered. The optimum number of iterations per time step 
is between five and eight. 
To illustrate the application of the two methods we shall consider a four hour fuel transfer, 
with a valve closing, over a two second period, after one hour. If we consider the analysis 
both before and after the valve closure, flow rates and pressures will be fairly constant so a 
time step of the order of five minutes will be appropriate. To model the effects of the valve 
closure a time step of the order of 0.2 seconds will be required. 
To run this analysis using Flowmaster an appropriate time step must be selected to model the 
valve closure. This will involve running a series of analyses over the period of valve closure 
to select the optimum time step. In this case it will be one which uses the majority of the 
twenty iterations available at each time step (Section 3.4.2.1). This time step will then be used 
for the total analysis. If the time step appropriate to the majority of the analysis were used, 
failures to converge to solution both during and after the valve closure would be encountered 
resulting in an incorrect solution. 
If we now consider the same analysis run in Bath. The run will simply be set up by setting 
the start and end times of the run. During the analysis the integrator will automatically choose 
the appropriate time step. For the periods of constant flow this will be of the order of five 
to ten minutes, and during the valve closure will be reduced to around 0.2 seconds 
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The above analysis was carried out using both Flowmaster and Bathfp on a simple network. 
The run time for Bathfp was 9 seconds during which 290 time steps were carried out. The 
run time for Flowmaster was 2700 seconds during which 28,800 time steps were carried out. 
Therefore the analysis using Bathfp's adaptive time step is 300 times quicker than Flowmaster's 
fixed time step. 
7.1.1.3 Pressure Surge 
Pressure surge is a particular type of transient analysis. It is concerned with predicting the 
overshoot of pressure due to a valve closure, pump shut-down, etc.. With respect to the 
aircraft fuel system, we are only concerned with pressure surge after valve closure. There are 
two methods appropriate to the modelling of pressure surge. A surge method, such as a solid 
column method [19], and methods which also take into account the elasticity of the pipe and 
any resultant pressure waves within the pipes, such as the method of characteristics [17]. 
Flowmaster contains two methods of modelling pressure surges, a solid column method and 
the method of characteristics. Version 1 of Bathfp does not contain a pressure surge model, 
but a method of lines pipe model is to be incorporated. This uses a finite element model of 
the pipe with an optimised non-uniform spaced interlacing grid with pressure and flow rates 
solved at alternate grid points [28]. This is used in preference to the method of characteristics 
because it readily lends itself to variable time step numerical techniques. 
It is difficult to make reliable predictions of surge pressures using any method, other than in 
straight pipe lines. Bends, junctions and other components produce reflection waves which 
add to the fundamental wave. This can be illustrated using the method of characteristics 
model in an appropriate Flowmaster dynamic analysis. Consider a single pipe with a valve 
at the outlet and reservoir at the inlet, pipe diameter 200mm and 1000m long, fluid wave 
velocity 1000m/s, Figure 7.1a. If the valve is closed in 1 second, the pressure wave will not 
have returned from the reservoir interface before the valve closes. The resultant pressure surge 
is shown in Figure 7.1b for a 15 second analysis. 
Consider now the same pipe, split into two equal parts, with a branch at the centre of length 
500m, Figure 7.2a. If the valve is again closed in 1 second, the resultant surge at the valve 
face, as determined by Flowmaster, is shown in Figure 7.2b. This shows the smaller reflection 
waves from the junction interacting with the main pressure wave. The actual surge will be 
of this form and magnitude, but little is known of the reflection waves and how accurate the 
prediction is, therefore these results can only be used as guidance. 
Although these methods do not give truly accurate predictions of the surges for cases other 
than straight pipes, their use in the analysis of surges give a very good indication of surge 
pressures that can be encountered. 
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Flowmaster Standard Pipe Model 
The Flowmaster standard pipe model suffers from similar problems to those outlined in 
Section 7.1.1.2. These problems are not so acute because the period of analysis is generally 
around five seconds and requires a constant small time step during the full five seconds. It 
can however still require several attempts to determine the correct time step. 
Method of Characteristics 
Surprisingly for the method of characteristics, the time step is easier to chose because it is 
restricted to ones which will pick up whole reach lengths within all the pipes (Section 3.4.2.2). 
This can cause a restriction if there are different length pipes within the network, creating 
problems selecting a suitable time step. In these cases it may be necessary to adjust the length 
of the pipes to aid the time step selection. As explained above, the application of any 
numerical method to surge modelling in systems consisting of more than one pipe results in 
approximations of the surge due to reflection waves whose effects cannot be confirmed. As 
a result small adjustments to pipe lengths to aid in time step selection will not have significant 
effects. 
7.1.1.4 Determination of Component Sizes 
Flowmaster's Flowbalancing module is the most appropriate method for this type of analysis. 
This is a particular type of steady state solution method which, when supplied with the 
volumetric flow rate through a component, determines the size of the component to achieve 
this flow rate. Components which can be sized are restrictors, pipes, valves, bends and 
discrete losses. 
Application of Flowbalancing requires a component within each flow path of the network to 
be specified as the balancing component, ie. the one to be sized. This is illustrated with the 
network of Figure 7.3. The circuit has four flow paths abf, abe, ac and ad. The balancing 
component of each of the flow paths can be in any of the branches of that path, but if a 
branch makes up more than one flow path it can only contain a balancing component for one 
of the paths. For example, branch b may only contain a balancing component for either abe 
or abf. With the flow rates specified for each of the flow paths of the network, a direct steady 
state, rather than iterative, solution can be obtained as explained in Section 3.4.2.1. Output 
is similar to steady state with the addition of the loss coefficient data, and if appropriate, the 
size for the balancing components. 
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7.1.1.5 Summary of Applications 
Sections 7.1.1.1 to 7.1.1.4 discussed the application and performance of Bathfp and 
Flowmaster to standard analysis types. This Section summarises these applications and 
incorporates the models developed in Chapter 6, giving examples of the most appropriate 
analysis method for commonly met modelling requirements within an aircraft fuel system. 
- Steady state conditions. Either Bathfp or Flowmaster are appropriate for 
steady state analyses. The choice of method will depend on whether a model 
of the network already exists in one of the packages. 
- Analyses involving the response of a network over time. Generally Bathfp 
will be the most appropriate. If the network is already modelled in 
Flowmaster, and the time step for the response is expected to be fairly 
constant, then Flowmaster may also be appropriate. 
- Pressure surge. Flowmaster will be the most appropriate for these cases. The 
choice of using method of characteristic model or rigid pipe model for the 
pipes will be dependent on the valve closure time. 
- Analysis requiring the operations and effects of fuel tanks to be modelled. 
Bathfp is the obvious choice here as Flowmaster has too many restrictions 
when modelling tanks. 
- Analysis requiring the effects of changing altitude to be considered. To allow 
for changing fuel properties Bathfp and the environment model ENVO are 
required. If the effects can be adequately accounted for with constant fuel 
properties, and changing atmospheric conditions applied at the boundaries, 
then Flowmaster will also be appropriate. 
- If additional models are required to be modelled. Generally Bathfp is the 
most appropriate. However, if the additional modelling can be described as 
a characteristic curve, Flowmaster may also be appropriate. 
7.1.2 Application of Computational Fluid Dynamics 
The range and number of applications of Computational Fluid Dynamics (CFD) to the 
modelling of the aircraft fuel system is very large. The breaking down of the fluid domain 
into small blocks over which properties can be assumed to be constant, means that many fluid 
flow problems can be modelled. Often the only restriction on the ability to model a problem 
is the time required to develop the geometry. With the application of PATRAN, or similar, 
as discussed in Section 4.4, and the advances to mesh generation techniques within the CFD 
codes, this restriction is considerably eased. 
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Examples of studies undertaken or considered are given below, but this list is by no means 
exhaustive. 
- Determination of loss coefficients for components. This is particularly 
appropriate for complex or damaged components. An example of this is 
given for 'Y' junctions in Chapter 5, and in the second case study of 
Chapter 8. 
- Check of detrimental effects on flow paths in complex or damaged 
components i. e. dead zones, recirculation etc. An example of this is given in 
the second case study of Chapter 8. 
- Increase the understanding of the characteristics of a component. 
- Force on ball valves failed part open, to determine if they may be forced open 
or closed. 
- Modelling of jet pumps. 
- Effects of blockage due to impurities on strainers, water drains etc. 
- Modelling of temperatures in a tank. This would be useful to determine the 
effects of the returning Integral Drive Generator (IDG) recirculation flow. 
7.2 Application of Computational Methods to Aircraft Fuel Systems 
The first question to be asked is whether a computational approach is appropriate to the 
solution of a particular problem. For example, if a single steady state calculation is required 
in a non-branching system with the loss coefficient data readily available, the computational 
methods will generally not supply an answer any quicker than graphical methods. However 
if it is considered that further analysis may be required for this system, the computational 
methods will enable the later analyses to be carried out much quicker, particularly if changes 
to the system are required to be studied. 
If the system is branched, then computational methods are by far the most appropriate. This 
is particularly true if the flows in all, or some, of the branches are unknown. For the 
computational methods the introduction of a branch to the system only requires the additional 
components specifying, unlike graphical methods where estimates are required for the flows 
in each branch. 
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7.3 Design Procedure 
The designer is required to ensure that the design meets all of the system specifications, 
complies with all airworthiness requirements and other requirements laid down by disciplines 
such as structural, and is of the minimum weight possible for the design. In the past weight 
savings have not always been exploited to their full potential because of problems adequately 
modelling the system. This is due to a variety of reasons, such as the modelling is not 
possible or it is not economical, ie. the cost of modelling is greater than the cost of additional 
weight on the anticipated number of aircraft. This would be typically for cases requiring a 
dynamic model where the man hours involved for traditional methods can be prohibitive. The 
introduction of computational methods to the design procedure enables many more weight 
savings to be achieved by creating a much more efficient design. 
Chapter 2 gives a general description of aircraft fuel systems and divides it into individual 
subsystems. This division is used for both clarity of understanding and design purposes. The 
design procedure has also been developed around these divisions, and includes a first stage 
which is the initial system description which is applicable to all sections. 
The fulfilment of the requirements laid down by the Airworthiness Authorities, explained in 
Chapter 2, are generally satisfied by the layout of the system. The design areas discussed in 
Sections 7.3 .2 to 7.3.5 are concerned with verifying the operation of these systems. If they 
are found to be unable to meet their operational requirements, changes would be made at an 
early stage. 
7.3.1 Initial System Description 
This is the first stage of the design for all of the areas of the fuel system. At the 
commencement of this stage only the requirements of the aircraft specification and those laid 
down by Airworthiness Authorities are known. The methods of achieving these requirements 
will generally be satisfied in the system layout. For example the choice of negative 'g' 
protection for the engine feed system and where and how this will be positioned within 
structural and system limitations will be made. At the conclusion of this stage, schematics of 
each of the systems and their interdependence will be developed. These will only contain 
'general' pipe runs, the final detail and verification of operation will be determined in the 
design studies of the individual areas, as outlined in Sections 7.3 .2 through to 7.3.5. 
7.3.1.1 Initial Component Sizing 
At this stage of the design very little detail is known of the system. Generally it will only 
consist of approximate lengths of the branches of the system as defined in the general layout. 
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Details on the number or size of bends, junction angles, etc. will not be available. The aim 
of the analysis is to determine appropriate diameters for the branches of the system. 
Component sizing, using any method either computational or traditional will invariably require 
trade-offs and assumptions to be made. This can be illustrated by taking the branching 
system of Figure 7.4. The size of branches B, C and D will be dependent on the size selected 
for A. Alternatively if a size was selected for say B, then the size of A, C and D would be 
dependent on the size of B. An estimation is therefore required of the size of one of the 
branches, before a sizing analysis can be carried out. 
The Flowbalancing analysis module of Flowmaster is the most appropriate analysis method 
for component sizing. The procedure adopted using the Flowbalancing analysis is very similar 
to that which would be used with traditional methods. The major difference being that for the 
example in Figure 7.4, branches B, C and D will be sized in a single analysis which will take 
into account their interactions. Traditional methods would only size one of B, C or D at a 
time. 
The following steps are required to determine the appropriate diameters; 
- Estimate additional component losses in all the branches 
- Select an appropriate diameter for branch A (B, C or D) 
- Set up network as in Figure 7.4. The discrete losses will contain the 
estimated additional loss data. The pipes will be the approximate total length 
of pipe in that branch. 
- Carry out Flowbalancing analysis to size branches B, C and D. 
- If required, the analysis can be re-run with a different diameter for branch A 
to enable a sensitivity analysis to branch A to be carried out, or a diameter 
selected for branch B, C or D and a Flowbalancing analysis carried out to size 
the remaining branches. 
73.1.2 Initial Pipe Detail 
The majority of an aircraft fuel system is situated in the wing of the aircraft, with -some 
equipment in the centre section between the wings and aft through the fuselage if there is a 
trim tank fitted. All of these positions, particularly the wing, are restricted for space and have 
complex structures, Figure 6.2, [56]. Taking these into account, and achieving the 
requirements of the system, can lead to complex shaped components with very high losses. 
It is important when defining the layout of the various systems that the resultant shapes of 
bends, junctions etc. do not result in high loss components. To this end CFD should be used 
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to model the components and determine the flow patterns and losses through them and if they 
are judged to be too great, the effects of different layouts assessed. These new layouts may 
move the emphasis of the requirements slightly. A good example of this, though unfortunately 
carried out a late stage of the design, is given in the second case study of Chapter 8. 
7.3.1.3 Benefits of Computational Methods 
Typically the application of computational methods to the design of the fuel system brings in 
greater confidence, the ability to analyse more situations/cases, and a saving of time. With 
respect to the initial sizing of branches, the direct benefits are not as tangible. There is a 
small saving of time with the majority of branches being sized in one analysis. A secondary 
benefit with the application of these methods is a 'base' networks for development to analyse 
the system, to be described in the following sections. 
7.3.2 The Refuel System 
The design objectives of the refuel system are: 
- All tanks to be refuelled within a specified time. 
- Pressures within tanks remain within structural limits. 
- Surge pressures due to closure of refuel valves are maintained below the 
limits of the system. 
- The static charge of the fuel is maintained within safe limits during refuel. 
- The system weight is kept to a minimum. 
These objectives are achieved with a variety of modelling techniques and practices. Typical 
refuel systems are shown in Figures 2.7 and 2.8. 
7.3.2.1 Refuel Times 
The refuel rates into the tanks are dependent on the pressure and flow available at the refuel 
coupling, and the system pressure losses between the coupling and the tanks. Individual tanks 
require different refuel rates, due to differing sizes and times required for refuel of these tanks. 
This is achieved with a restrictor in the refuel line of each tank. 
The sizing of, the restrictor has to take into account the flow rate required into the tank to 
achieve the refuel time, and ensure that the pressure within the tank remains within structural 
limits. 
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The Flowbalancing module of Flowmaster, Section 3.4.2, is the most suitable application for 
sizing of restrictors as it enables all restrictors to be sized simultaneously. A typical 
simulation network for a five tank system is shown in Figure 7.5. The required flow rate into 
each tank is set in the tank restrictors, the output of restrictor size will be of the form shown 
in Figure 3.7. 
7.3.2.2 Refuel Overflow 
In normal operation the refuel valve will close when either a pre-selected quantity of fuel has 
been delivered to the tank, or by the high level sensor. If a failure occurs and the refuel valve 
does not close, then fuel is required to leave the tank through the vent system without the tank 
pressure exceeding the structural limits. This condition is known as refuel overflow. The 
design is only required to account for a single tank overflow, the probability of multiple 
failures of high level sensors is considered low. 
To analyse this case the vent system is added to the network of Figure 7.5. This is shown in 
Figure 7.6, modelling the right inner tank at refuel overflow. This tank is modelled with two 
discrete losses and a pipe, Figure 7.6. The discrete losses model the inflow and outflow losses 
of the tank and the pipe, the tank itself. The pipe is set up as a 'short fat vertical pipe', the 
diameter representing the cross sectional area of the tank, and the length the height of the tank. 
The node heights are similarly set. This description is appropriate because flow is simply 
passing through the tank. The other tanks will still be modelled with constant head reservoirs, 
with both the refuel system and vent system connecting to the single port. Flow from the 
refuel system is prevented from entering the vent system with a non-return valve. This is 
used in the same manner as the discrete loss model in Section 6.2.3.1, with the node heights 
set as described for that case. 
Steady state analyses are carried out on this network with all combinations of refuel allowed 
and disallowed to the non-overflowing tanks. This will be repeated for each of the tanks at 
refuel overflow. 
If the pressures in any of the tanks exceed structural limits the effects of reduced restrictor 
sizes and possible vent system modification can be analysed with minor changes to the 
networks of Figures 7.5 and 7.6 and its derivatives. This type of iteration is most effectively 
carried out by computational methods. 
7.3.2.3 Surge Pressure 
When the inlet valves to the individual tanks close, surge pressures will be produced in the 
refuel system. The magnitude of these will depend on the valve closure characteristic, the 
distance the wave travels before being reflected back and the velocity of the fuel flow. 
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Care has to be taken to ensure that the inlet valve does not close before the pressure wave 
returns. If it does the pressure generated at the valve face due to the conversion of the kinetic 
energy of the flow to potential energy will be the same as if there had been an instantaneous 
valve closure. Allievi or Joukowsky [19] have defined the following expression for the 
pressure produced under these circumstances: 
p= pua 
The density of fuel is typically 800kg/m3 and a typical refuel rate will be 9.6m/s [80]. The 
wave velocity (a) is a function of the fuel sonic velocity and the elasticity of the pipe. For 
aircraft pipes containing fuel a typical value is of the order of 1000m/s [80]. Therefore if the 
valve did close before the wave returned, a pressure of 76.8bar would be generated. 
This pressure cannot realistically be designed for within the weight restrictions placed on the 
fuel system. The system is therefore designed so that the valve closes after a number of wave 
reflections have taken place. The time required for the pressure wave to return to the valve 
can be calculated for a typical refuel system consisting of 20m of 50mm diameter aluminium 
alloy pipe, and 30m of 50mm diameter refuel hose. The point of reflection of the pressure 
wave will usually be the refuel vehicle's pressure controller. This will be situated either at the 
aircraft refuel coupling or on the refuel vehicle, dependent on the system used. The wave 
velocity for the aluminium alloy pipe can be taken from the above example, a typical wave 
speed for fuel in a flexible hose is 300m/s [80]. For a pressure controller situated at the refuel 
coupling this will give a wave reflection time of 0.04 seconds, and for a pressure controller 
situated at the refuel vehicle the wave reflection time will be 0.24 seconds. Typically tank 
inlet valves are specified to close in 2 to 5 seconds. 
Flowmaster is most appropriate to the modelling of pressure surge using either the method of 
characteristics or its standard pipe model. Experience has shown that generally at the valve 
closures encountered within refuel systems (2 to 5 seconds), a Flowmaster method of 
characteristics analysis is not always' required. Instead the standard rigid pipe model is 
appropriate. If we take the refuel system of Figure 7.5 the effects of closing all tank valves 
over a two second period is shown in Figures 7.7 and 7.8. Figure 7.7 is a method of 
characteristics model of the 'pressure within the pipes, and Figure 7.8 uses the standard pipe 
model. The only difference between these results is the lpsi pressure ripple predicted by the 
method of characteristics model. ' This is due to small pressure wave reflections which'will 
be quickly damped out due to friction. The use of the method of characteristics does not give 
any increase in accuracy, it only restricts the choice of time step (see Section 3.4.2.2) and 
requires up to five times longer to run. " 
,. ýý 
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7.3.2.4 Monitoring of Tank Volumes 
The time history of fuel in a tank during refuel can be determined using Bathfp to analyse the 
system. This will generally not be required due to the constant refuel rate, but in cases such 
as the second case study, Section 8.2, where the heights of fuel in the tanks was of primary 
importance it is the only means of predicting the output. 
7.3.2.5 Benefits of Computational Methods 
The major benefit the computational methods bring to the design and analysis of the refuel 
system is the addition of pressure surge analysis. Although these analyses do not give a truly 
accurate prediction of the surges, they do give a very good indication of the pressures that will 
be encountered and do not require extensive set up time by the designer. There are graphical 
methods which can be used to predict pressure surges, which range from methods which 
actually solve the characteristic equations of Chapter 3, equations 3.28 and 3 . 29, to simpler 
methods which make appropriate approximations. Of the accurate graphical methods one of 
the most common [16] solves equations 3.28 and 3.29 using numerical techniques similar to 
the finite difference method. The solution is generally represented on an x, t plot as shown in 
Figure 7.9. As for the application of the characteristic equations in Flowmaster the pipe is 
required to be split into equally spaced lengths Ax as shown in Figure 7.9. Solution of 
Equations 3.28 and 3.29 progresses through the length of the pipe and time in the same 
manner as for their application within Flowmaster. The conditions at positions n-1 and n+1 
at time t provide the initial conditions to solve for position ii at time t+&t (Figure 7.9). Where 
, &t=Axa, the time taken for a pressure wave to travel from n to n+1. The arrows on Figure 7.9 
show the progression of solution through the r. 1 plot. The time history of pressure and flow 
rate at each point within the pipe can be obtained from the x, t plot. The major problem with 
these methods is that they are complex and require a very long analysis time. 
There are also quicker, simpler graphical methods which are less accurate. One of the most 
common of these methods used in the aircraft industry [19,20,80] requires the valve closure 
to be considered to occur in increments equal to the time required for the pressure wave to 
reflect back to the valve face (2L/a seconds). The pressure loss characteristic for each 
increment of valve position can be plotted along with the refuel characteristic against velocity 
as shown in Figure 7.10. The instantaneous surge pressure (pua) can be represented on this 
graph with a straight line of slope -pa starting at the initialisation of the valve closing action 
C. If the valve closed in less than the critical time (2L/a seconds) this line would represent 
the surge wave, and provide the maximum surge pressure (pua). For valve closures in excess 
of the critical time the line of slope -pa is plotted from the point of initialisation of valve 
closing C until it meets the loss characteristic at time 2L/a curve OEF at E. This represents 
the wave returning to the valve at this time and provides the pressure and flow velocity at the 
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valve face at time 2L/a. The reflection of the surge wave back from the valve is represented 
by a line with slope pa which is drawn from E until it meets the refuel characteristic at G. 
This represents the wave arriving at the refuel coupling, or point of up stream reflection, and 
provides the pressure and flow velocity at the coupling at time 3L/a. The reflection of the 
surge wave back from the refuel coupling is represented by a line with a slope of -pa which 
is drawn until it meets the pressure loss characteristic at time 4LIa at point H, this represents 
the wave returning to the valve at this time and provides pressure and flow velocity at the 
valve face at time 4L/a. Plotting of the characteristic is continued in this manner until the 
flow velocity reduces to zero at point K. From the point KHEC a time plot of the pressure 
surge at the valve face can be obtained. 
The first, more accurate, graphical method described above has not usually been attempted due 
to the time involved, and the simpler method because it only represents an approximation to 
the surge pressure. Instead reliance has been on testing of the actual aircraft which may result 
in late modifications. With computational methods the time required to analyse a surge is 
greatly reduced, so changes can be incorporated based on the results, or anticipated with 
preliminary work undertaken, before the tests take place. 
7.3.3 Vent System 
The vent system is one of the most difficult systems to model for the computational methods. 
This is because it usually requires the modelling of the fuel and vent system simultaneously. 
Both Flowmaster and Bathfp, in their present states, can only model one fluid. Therefore 
simplifications must be made to the actions of the fuel on the vent system. 
The vent system fulfils two roles. It ensures through the venting of air, either into or out of 
the tank, that the pressure within the individual tanks remains within structural limits. 
Additionally it ensures fuel can safely, leave the tank in the event of a refuel overflow as 
described in Section 7.3.:. 2. 
The critical cases for design consideration are refuel overflow and the performance of the vent 
system during emergency descent. Vent system performance during refuel overflow is 
included in the analysis of the refuel system and is described in detail in Section 7.3.2.2. 
73.3.1 Emergency Descent 
Emergency descent is defined by the authorities [1] as a descent from 40,000ft to sea level in 
110 seconds. This is based on the scenario of a cabin depressurisation at this altitude. 
The effect of this descent on the fuel system, and in 'particular the vent system, is that air 
passes into the tanks through the vent system. With the high rate of descent, the air reaching 
the tanks will be at a lower pressure than the external atmosphere, causing a pressure 
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differential across the skin. It is this pressure differential that is the critical design parameter. 
Additionally due to the high rate of descent the effects of changing density may be significant 
and need to be allowed for in the analysis. 
Emergency descent can be modelled with either Flowmaster or Bathfp. The following 
example is for the study of emergency descent using Flowmaster carried out by the author. 
A simplification of constant air properties is required because these cannot be altered during 
the analysis. Values at sea level or the bottom of the descent should be used to over predict 
losses. A typical simulation network is shown in Figure 7.11 with typical results in 
Figure 7.12. The tanks are modelled using an accumulator as described in Section 6.2.3.1. 
This enables the air within the accumulator to be compressed as described by the gas law. 
The accumulators are valid as tank models until the accumulator fills. 
Bathfp has not been used at present for the analysis of emergency descent because of its late 
introduction. With the inclusion of environment component ENVO, described in Chapter 6 
Section 6.3.1.2 enabling the fluid properties to be adjusted during an analysis, Bathfp is now 
the most appropriate method for the study of emergency descent and would be used in future 
analysis. 
7.3.3.2 Benefits of Computational Methods 
The inclusion of the emergency descent case enables the vent system to be sized to its 
optimum minimum size, if this is the critical design case. Without this analysis an allowance 
would be made which will result in an over sized system. 
7.3.4 Fuel Transfer 
The fuel transfer system is required to ensure that the fuel is distributed to the correct tanks 
so that, 
- Engine feed tanks have sufficient fuel. 
- Bending relief is supplied. 
and if a trim tank is used, 
- The aircraft has optimum trim at all times. 
If we consider a typical six tank aircraft fuel system, the transfers required will be as shown 
in Figure 7.13. The aim of these. transfers is to ensure that the fuel from all tanks is 
eventually transferred into the inner tanks to feed the engines. The ordering of transfer will 
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be dependent on the aircraft, its loading and the sector to be flown. A few general rules that 
can be applied to all aircraft and conditions are: 
- Fuel in the centre tank is usually the first to be depleted, so centre to inner 
tank transfer will be one of the first transfers. 
- Trim tank fuel will be transferred forward when the centre of gravity (cg) of 
the aircraft reaches its aft limit. This will usually be a transfer of part of the 
tank's contents until the cg as moved sufficiently forward. 
- Outer to inner tank transfer will be the last to take place, to maintain wing 
bending relief for the maximum period of the flight. 
The design analysis has to take into account all of these transfers and their rates for all 
combinations of aircraft altitude, attitude and all variations of fuel types and properties. These 
have to be considered for normal operation and operation in the event of failures. 
The transfer system is a dynamic system, which for a complete analysis also requires models 
with accurate descriptions of fuel tanks. Bathfp is ideally suited to these analyses being a 
dynamic analysis method with excellent fuel tank modelling capabilities. The application of 
Bathfp not only allows the transfer rates to be analysed, but enables the volume of fuel within 
tanks to be monitored. 
The fuel tank models enable the effects on transfer rates of depletion of fuel levels in the tanks 
due to engine feed or transfer to be considered. This is particularly important for cases of 
gravity transfer, commonly used for trim and outer to inner tank transfers where the head of 
fuel in the tank may be a significant part of the total head, and for transfers with degraded 
pump performance when pumping with hot JETB at altitude (see Section 2.1). This is 
illustrated with an actual aircraft study undertaken by the author to assess centre to inner tank 
transfer with the inner tank inlet valves failed open. The analysis network is shown in 
Figure 7.14 and shall be used to explain the operation of the system. Both inner tanks are 
modelled because the cross feed line is not symmetrical about the trim line connection, 
resulting in a slight non-symmetrical flow to the inner tanks. Under normal operation the fuel 
in the centre tank is transferred equally into the two inner tanks at a nominal flow rate of 
70 Umin. The centre tank transfer pump is the same as the aircraft boost pumps, for 
commonality, even though the flow rate and pressure required is much less. A restrictor at 
the pump outlet ensures the pressure and flow rate are reduced to the required level. The 
refuel restrictors, explained in Section 7.3.2.1, are included in the simulation networks of 
Figure 7.14 because the aircraft being studied, like many others, uses the refuel system for 
transfer purposes. The case analysed is the transfer of JETB at 54°C and an altitude of 
41,000ft. The characteristic of the centre tank transfer pump under these conditions is shown 
in Figure 7.15, along with the nominal characteristic for JETB at 20°C to give an indication 
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of the degradation of pump performance caused by the variation of fuel properties explained 
in Chapter 2, Section 2.1. Though the likelihood of JETB being at a temperature of 54°C, and 
at 41,000ft is highly remote, it is still a possibility and so constitutes an extreme design 
condition. The analysis was carried out for two cases, the centre tank full and the centre tank 
at low level. In both cases the inner tanks were full at the start of analysis. 
For the centre and inner tanks full, plots of the tank volumes against time are given in 
Figure 7.16(a). A plot of the flow rate through one of the inner tank inlet valves is shown in 
Figure 7.16(b), the flow through the other being almost identical. From these plots it can be 
seen that the transfer takes place inner tank to centre tank for the first 120sec, and then 
transfers the centre tank to the inner tank as required. The reverse transfer, from inner tank 
to centre tank, is due to the centre tank transfer pump not being able to overcome the head 
of fuel in the inner tank for the first 120sec. After this time the centre tank pumps transfer 
as designed because the head of fuel of the inner tank is sufficiently reduced by depletion of 
the inner tank fuel volume through engine feed. The transfer from centre tank to inner tanks 
is at a greatly reduced average rate of 20 Umin. This results in the inner tanks being depleted 
of fuel before the centre tank. The airworthiness requirement for this situation is that the 
centre tank transfers all fuel to the inner tanks before they are depleted. In this analysis this 
was not met, but the analysis assumes the fuel temperature is +54°C throughout. In reality 
this will not be the case because the outside air temperature is -50°C, so the fuel temperature 
will rapidly cool to near this value where the pump performance will greatly improve, 
ensuring the transfer from the centre tanks takes place well before the inner tanks empty. 
For the centre tank empty and the inner tanks full, plots of volumes against height and the 
flow rate through one inner tank valve are shown in Figure 7.17. In this case the transfer is 
inner to centre for the first 1250sec. As for the case with full centre tank, the centre tank 
transfer pumps are unable to overcome the head of the inner tanks. In this case the centre 
tank does not have a head of fuel to increase the output pressure of the centre tank pump and 
therefore a greater volume of fuel is required to be removed from the inner tanks through 
engine feed before the centre tank pumps can overcome their head. Again the inner tanks are 
depleted of fuel before the centre tank completes transferring, but as before this is a small 
amount, and the fuel will have cooled early in the flight and the transfer pump performance 
increased. 
7.3.4.1 Flight Profile Modelling 
This is a natural extension of the analysis of fuel transfers. It models the operation of the 
transfer system for a total flight and takes into account the burn rate of the engines and all 
transfers. Implementation of this type of analysis requires limited aspects of the operation of 
the fuel system computer to be included. This is in the form of controlling the position of 
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tank inlet valves dependent on the volume within the tank and the phase of the flight. Control 
of the inlet valves, based on the volume of fuel within the tank, is achieved using tank models 
which control the position of the inlet valves. Tank and valve models appropriate for this 
operation have been developed during this research and a detailed description is given in 
Chapter 6. Control of valve 'position due to flight phase, is limited to signalling the valve 
position at predefined times using a signal source. A signal source is a standard Bathfp model 
which describes an output signal as a series of ten stages which may be ramped, stepped or 
constant. A typical simulation network is shown in Figure 7.18 for a medium capacity civil 
aircraft. Fuel volumes within the tanks are given in Figure 7.19 for a case considering an 
engine failure 3.5 hours into the flight. In this case the engine failure is accompanied by a 
rise in the left inner tank volume, Figure 7.19. This is because the centre tank is still 
transferring to both inner tanks and the left inner tank's fuel volume is not being depleted by 
engine feed. When centre tank transfer ceases, at approximately 4.5 hours, the left inner tank 
commences to cross feed to the right inner tank. This is standard design on all aircraft, where 
on an engine failure the fuel that would supply that engine is made available to the other 
engine. 
7.3.4.2 Benefits of Computational Methods 
The introduction of the computational methods to the analysis and design of the transfer 
system has enabled the analysis to be extended to cover dynamic cases. With traditional 
methods the analyses are restricted to considering singular steady state occurrences. With the 
introduction of the dynamic analysis, fuel tank volumes can be monitored as in the example 
above. A major benefit is the inclusion of flight profile modelling enabling the analysis of 
multiple transfers to be considered. 
73.5 Engine Feed 
The engine feed system is required to ensure that fuel is supplied to the engines at the correct 
flow rate and pressure for all normal and failure cases, fuels, temperatures, altitude and pitch 
and roll combinations. 
The design requirement is to ensure that the engine inlet pressures and flow rates are able to 
meet the engine manufacturers requirements for all cases. The flow rate is a function of the 
engine demand, which will be dependent on the flight phase (cruise, climb, take off etc. ), 
altitude and temperature. The engine inlet pressure is set by the engine manufacturers to be 
either gauge pressure or 0.34 bar above the vapour pressure of the fuel which ever of these 
is the greater. 
The analysis of the system can be carried out by either Flowmaster or Bathjp. Only 
Flowmaster has been used at present due to the late introduction of Bathfp. A typical analysis 
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network is shown in Figure 7.20. All combinations of altitude, temperature, fuel, pitch and 
roll will be analysed with this network for all normal and failure operations. Typical results 
for certification purposes compiled into an engine feed system performance curve are shown 
in Figure 7.21. This curve is a summary of all the analyses carried out at a particular pitch, 
roll, altitude and temperature and verifies that the engine feed system either equals or exceeds 
the minimum engine inlet pressure for the complete range of engine feed flow rates. From 
these it can be seen that the analysis was continued beyond the maximum flow demand. This 
allows the impact of growth engines to be considered without the need for further analysis. 
In general an allowance of 25% growth is allowed for new aircraft. 
7.3.5.1 Benefits of Computational Methods 
The engine feed system is one area where the computational methods have been extensively 
applied within the Fuel Systems Engineering Group at Filton so that their impact can be better 
appreciated. The effects this has had on the analysis of the design are that a greater number 
of analyses have been achieved in a greatly reduced time. It is estimated that the use of 
Flowmaster achieves results typically twenty times quicker than traditional methods. This 
means that many more calculations have been carried out resulting in much greater confidence 
in the design. The introduction of Bathfp would further increase this effectiveness by allowing 
all flow rate conditions at a particular altitude and temperature to be assessed in a single run. 
7.4 Closing Remarks 
With the introduction of the procedures developed by the author during this research, and 
reported in this Chapter, a competent engineer who is not necessarily an expert user of any 
of the software, can carry out all of the design analyses detailed in a reduced time scale. In 
the past the complex nature of the systems has required a specialist to carry out the majority 
of the analyses. 
The application of computational modelling to the design and analysis of aircraft fuel systems 
has greatly extended the range of analyses available and enables many more analyses to be 





Two case studies have been selected to illustrate the application of the three chosen software 
packages to the simulation of aircraft fuel systems. They highlight some of the relevant 
factors when carrying out simulations and when analysing results. These two cases obviously 
only show a small part of the application of computational methods. They have been chosen 
not only to illustrate many of the points made earlier, but also to highlight, by practical 
example, typical problems that may be encountered. 
The first study is of a test rig for a medium capacity civil aircraft engine feed system. It 
covers the application of Flowmaster for steady state analysis of the system. This study was 
originally carried out to prove Flowmaster's application to the simulation of aircraft fuel 
systems. 
The second case study covers the sizing of restrictors for a fuel tank on a large civil aircraft. 
It includes the application of the Bathfp dynamic solution to a relatively steady state system, 
and the application of Star-CD to the evaluation of flow paths and loss coefficients in 
complex components. This study is not typical of the types of analysis that would be 
generally carried out for a refuel system outlined in Section 7.3.2. It is a special case because 
of the fuel distribution to the tank and is more typical of a transfer system analysis. This 
study has been included in preference to a typical transfer system for two reasons. Firstly it 
is a good illustration of how CFD links in with network analysis. Secondly it is an actual 
aircraft case that could only be solved with the computational methods. If such methods were 
not available, modifications to the system would have had to be made on assumptions and 
could only have been verified when installed and tested on the aircraft. The analyses were 
carried out on an actual aircraft case and were subject to very tight time constraints. The total 
work, from determining the problem to installation on the aircraft, was less than two months. 
The description is as the work developed rather than reporting on the pertinent results. It 
therefore includes the errors. It is felt this approach gives a better understanding of the 
application of the methods to analyse actual fuel systems. 
118 
8.1 Engine Feed Study 
8.1.1 Introduction 
The aim of the Engine Feed Study is to validate the application of Flowmaster's steady state 
analysis for a medium capacity civil aircraft engine feed system. This is achieved by 
comparison of Flowmaster's results against those of a test rig. 
8.1.2 Description of Engine Feed System 
The fuel system consists of three tanks, one centre tank and two wing tanks, Figure 8.1. The 
engine feed from the centre tank consists of two feed lines each of which has a boost pump 
with a non-return valve and a bleed for jet pump motive flow. Both wing tanks have the 
same arrangement as the centre tank, with the addition of a sequence valve for each of the 
pumps. The sequence valves are pressure relief valves which are used to 'clip' the pump 
characteristic as shown in Figure 8.2. The reduced output pressure of the wing tank pumps 
ensures that fuel is supplied to the engines from the centre tank in preference to the wing 
tanks. When the centre tank is depleted of fuel the wing tanks will commence supplying fuel 
to the engines, although at a reduced pressure. This arrangement provides a passive 
hierarchical control of pump operation, and hence fuel usage. 
8.1.3 Test Rig 
Since the system is symmetric the test rig consists of the engine feed for one wing only and 
half of the centre tank, Figure 8.3. All test work was carried out at Plessey Aerospaces, 
Titchfield fuel test facility [70]. This facility enables tests to be carried out at simulated 
altitudes by control of pressure and temperature within the test specimen. The test data 
available from the rig is limited due to the small number of instruments available, though there 
were sufficient to carry out a full analysis of the results. The major instrumentation deficiency 
was a lack of flow measurements for the centre and wing tank pumps, the only flow 
measurement being the total flow rate. This was alleviated by considering the pressure across 
the fuel pump outlet non-return valves. If the pump side pressure was greater than the 
downstream pressure the pump was considered to be supplying fuel to the engine. 
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8.1.4 Simulation 
The simulation is of the test rig, and not the actual aircraft. A structured approach was taken 
for the build up of the simulation. This consisted of three distinct phases: 
- Simulation of the centre tank and associated systems. 
- Simulation of the wing tanks and associated systems. 
- Simulation of combined centre and wing tank. 
All three stages were validated against test results. 
All of the components except the remote pump inlet and the gravity feed inlet are modelled 
with standard Flowmaster components. 
The remote pump inlet is shown in Figure 8.4. This can be broken down into three standard 
components, a filter, a re-entrant flared inlet and a 90° bend. 
- The fuel filter is made up of a 76 micron mesh with an open area of 60%. 
This is modelled with a discrete loss, using a loss coefficient of 1.0 taken 
from Reference [16] as appropriate for this area. 
- The re-entrant flared inlet is modelled as an inlet loss of 0.8 taken from 
Reference [16] in a standard Flowmaster reservoir. 
- The 90° bend is modelled with a standard Flowmaster bend. 
The gravity feed inlet, Figure 8.5, consists of a non-return valve and a bend with a rectangular 
cross section inlet transforming to a circular cross section outlet. The bend is simulated using 
a discrete loss model with a loss coefficient of 0.8, taken from Reference [16]. This takes into 
account the bend and varying cross section. The non-return valve is simulated using a 
standard Flowmaster model. 
The fuel pump is simulated with a standard Flowmaster centrifugal pump model. The curve 
of pressure rise versus flow rate describing its operation [71] is given in Figure 8.6. The fuel 
pump outlet non-return valve and the sequence valve are simulated with standard Flowmaster 
models. Characteristic curves describing their operation [71] are given in Figures 8.7 and 8.8. 
The curves of Figures 8.6 to 8.8 are taken from the Flowmaster models. The points shown 
on these curves are those used to define them within Flowmaster. 
ýj7 
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8.1.4.1 Centre Tank Model 
The network developed for the centre tank model is shown in Figure 8.9. Only half of the 
centre tank has been modelled due to symmetry, and the junction to the wing tank and the 
right wing have been included with blanks. 
Tests were carried out to verify the results of this module of the simulation against data from 
the rig. Two cases were considered, one with a flow demand of 1003.2igph and the second 
with a flow demand of 1273.7igph. At these flows the centre tank pumps only will supply 
fuel to the engine. A summary of both the test rig results and simulation results is shown in 
Table 8.1. 
The simulation predicts pressures 3 to 4psi below those recorded on the test rig, although this 
is not too significant an error it was investigated to determine the cause. The predicted 
pressure drops throughout the network are of the same value as those recorded on the test rig. 
This indicates that the low predicted pressures are due to either the tank pressures being 
specified too low, or the simulated pump characteristic having a lower pressure than that for 
the test rig. The tank pressures used in the simulation are taken from the test rig results, so 
are correct. The lower predicted pressures are therefore a result of the simulated pump 
characteristic. This will be due to the variation (tolerance) allowed on the pump characteristic 
through its specification. The specification of a fuel pump given to the supplier is based on 
a pump characteristic lying inside a series of pressures and flow rates. A typical specification 
is shown in Figure 8.10. From this it can be seen a range of potential characteristics are 
available which are acceptable to the specification. The pump characteristic used in the 
analysis is the nominal characteristic given in the suppliers data [71], which is generally in the 
middle of the range of the specification. To produce. the greater pressures of the test rig, the 
characteristic of the test rig pump will be closer to the upper limit shown on Figure 8.10. To 
verify this, the pressure of the simulated pump characteristic was increased by 3.5 psi, 
Figure 8.11. The additional results are given in Table 8.1. Using the uprated pump 
characteristic gives a good agreement with the test rig, indicating the difference in the 
predicted pressures is due to pump characteristic tolerancing. This is substantiated by further 
test data which confirms that for the flow rate of the test, the test rig pump is generating a 
greater pressure than the initial simulation pump characteristic could. The initial differences 
in predicted pressures are therefore due to pump tolerancing. 
Under normal circumstances an investigation of this type would not have been undertaken 
because the difference in the predicted and test rig pressures are not too significant. The 
investigation was undertaken and reported here to highlight that a components characteristic 
has a tolerance band. In some circumstances the solution for a network will be dependent on 
the position of components characteristic's within their tolerance bands. 
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8.1.4.2 Wing Tank Model 
The network developed for the wing tank is shown in Figure 8.12. The flow source attached 
to the connection of the junction to the centre tank and right wing tank, is used to supply a 
very small flow to overcome solution problems with zero flow conditions in T junctions. 
Tests were carried out to verify the results of this module of the simulation against data from 
the rig. Two cases were considered, the first a flow demand of 782igph and the second a flow 
demand of 1785igph. In both cases the centre tank pumps were not operational on the test 
rig. A summary of both the test rig results and simulation results is shown in Table 8.2. 
The total flow rate only is available from the test rig results and this restricts the verification 
of the simulation results. It can be determined which of the wing tank pumps are feeding the 
engine by inspection of the pressure across the non-return valve, and comparison with its 
characteristic curve, Figure 8.8. 
For the test rig at 782igph the pressure drop across the inboard pump outlet non-return valve 
is not sufficient to operate it. Therefore the total flow will be from the outboard pump. This 
is also predicted by the simulation. The simulation pressures show good agreement with those 
of the test rig being within 1.7%. 
For a flow demand of 1785igph the network shown in Figure 8.12 was unable to converge to 
a solution. Investigation of this is restricted because Flowmaster's information is limited to 
the final flow convergence error in components which failed to reach solution. From this 
information it was concluded that flow had not converged to solution in the outboard pump, 
sequence valve and jet pump branch. It is assumed at a flow rate of 1784.7igph that the 
pressure developed by the outboard pump is approaching the limit of being able to hold the 
inboard pumps outlet non-return valve closed. If the flow rate were increased, flow would 
then be from both pumps. With a steady state iterative type solution, when two solutions are 
in close proximity, the solver can oscillate between the two, and not solve for either, unless 
correct solution weighting is applied. ' For a Flowmaster type analysis solution weighting 
would be applied to the flow rate during the iteration process outlined in Chapter 3, 
Section 3.4.2.1. Without solution weighting the new values of the flow rates determined 
during the iteration process are used to provide new updated loss coefficients to calculate new 
estimates of pressure. When weighting is applied the flow rates are adjusted by the following 
formula to weight them towards the flow rate at the previous iteration. 4,,, 
q' = yq1-I + (1 'y )q. 
Where q;, is the weighted flow rate, qn the new flow rate, q1_, the previous flow rate and y 
the weighting factor which has a value between 0 and 1. ', These weighted flow rates are then 
used to update the loss coefficients and new estimates' of pressure determined. Application 
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of solution weighting has the effect of damping any solution oscillations and aiding approach 
to solution. Flowmaster has fixed weighting and damping which are optimised for the 
majority of cases. An attempt was made to increase the flow demand to investigate this, but 
solution could still not be attained. The use of a dynamic simulation was also investigated to 
attempt to 'approach' the required solution from the 'correct direction'. This was found to 
require excessive computation times due to the limitations outlined in Chapter 7, 
Section 7.1.1.2. To aid the solution, the network was simplified by incorporating the sequence 
valve characteristic into the pump valve characteristic to form a 'pseudo' pump characteristic, 
Figure 8.2. This was used in the network of Figure 8.13. This characteristic gives only an 
approximate model of the pump and sequence valve because it is made up of a pump pressure 
rise, and valve pressure drop, rather than outlet pressures. Additionally the line loss on pump 
inlet will be under-predicted because the flow will be reduced due to the omission of the 
sequence valve return flow. The network of Figure 8.13 does converge to solution. This is 
assumed to be due to the reduced number of branches required to balance and indicates the 
initial problem to be balancing of the flows at the pump outlet non-return valve and sequence 
valve. The solution of this network splits the flow approximately equally between the inboard 
and outboard pumps. The test rig results give flow totally from the outboard pump as for 
782igph. The 782igph case was also analysed in the network of Figure 8.13, and the solution 
for this case was an almost equal split of flow rate from the inboard and outboard pumps. 
This difference is attributed to the approximation of the 'pseudo' pump model. A network of 
this type is quite sensitive to the delivery pressures of the pumps. If one pump delivers a 
greater pressure which is sufficient to keep the other pump's non-return valve closed, then that 
tank will supply all of the flow. If both pumps deliver the same pressure then the flow will 
be a 50/50 split. These alternative solutions can be attributed to pump tolerancing. 
8.1.4.3 Combination of Two Models 
Two networks were developed to model the test rig in its entirety based on the experience of 
the wing tank models. One including the sequence valves, Figure 8.14, and one without the 
sequence valves and using the 'pseudo' pump model, Figure 8.15. 
Tests were carried out to verify the results of these two networks against data from the test 
rig. The data were taken from a case with all three pumps operating with a total flow demand 
of 2944igph, and the cases used for the centre tank model and the wing tank model 
verification. For the wing tank verification tests the centre tank pump was isolated by setting 
its rotational speed to zero. A summary of both the test rig results and the simulation results 
is given in Table 8.3. 
At a flow rate of 2944igph the complete network of Figure 8.14 was unable to converge to 
solution. As in the case of the wing tank tests this was found to be due to balancing of flows 
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across the sequence valves. The network using the 'pseudo' pump model, Figure 8.15, was 
able to produce results, but again, as for the wing tank tests, it solved for the flow from the 
wing tank being split approximately equally between the inboard and outboard pumps. The 
test rig results showed the flow to be from the outboard wing tank only, since the pressure 
drop across the non-return valve is too low for it to operate. These differences of solution 
again can be attributed to the approximation of the 'pseudo' pump model, and sensitivity of 
solution to pump outlet pressure. 
The centre tank simulation tests gave exactly the same results as for the centre tank only 
model, in both the network with, and without, the sequence valve. 
The results of the wing tank simulation tests were nearly identical to those for the wing tank 
only models. This was with the exception of the test at 782igph with the sequence valves 
included, which gave total flow from the inboard pump only, rather than from the outboard 
pump as for the wing tank tests and the test rig. Investigation of various network 
configurations has shown this to be due to the inclusion of the centre tank line. In the 
network of Figure 8.14 with a flow demand of 782igph there is a very small flow back down 
the centre tank line. This flow is only 0.02% of the total flow and is therefore considered 
insignificant in comparison to the other flows. If this flow is included in the wing tank model 
with a flow source, instead of the blank at the junction to the centre tank, the results are 
unchanged. If we consider the wing tank only supplying the engines there are three possible 
combinations of flow, 100% from the inboard pump, 100% from the outboard pump and 50% 
from each. This is illustrated in Figure 8.16. This diagram is a combination of the two pump 
characteristics. The x axis from left to right is the flow rate of the inboard pump, and from 
right to left the flow rate of the outboard pump. Addition of the flow rates on these axes at 
any point will always give a constant value. The left hand y axis represents the outlet pressure 
of the inboard pump, and the right hand y axis the outlet pressure of the outboard pump. A 
solution can only be achieved when either both pump pressures are equal, solution 2, or when 
one of the pumps is at its stall point ie. q=0, solutions 1 and 3. To explain the solution 
which will be achieved we require to consider the system curve and total pump characteristic 
for the total system. These will be very complex discontinuous curves, so for illustration 
purposes, a single system characteristic depicting the three solutions and a pump characteristic 
are shown in Figure 8.17. On the test rig the solution will be dependent upon which direction 
the solution is approached along the system curve ie. if the flow rate is increasing or 
decreasing. For the simulations the solution will be dependent on where the initial iterations 
predict an approximate solution. For the case without the centre tank the initial iterations are 
predicting-'an approximate solution near solution 1 and hence solve at solution 1. The 
inclusion of the centre tank causes the initial prediction to be moved near to solution 3 and 
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hence solving at solution 3. This cannot be completely verified as information on each 
iteration is not available from Flowmaster. 
An attempt was made to run a transient analysis with the flow demand altered from 0 to 
3000igph to run the network through its total operating cycle, but the run time was too 
excessive, and convergence errors could not be overcome with sensible time steps. 
8.1.5 Conclusion 
For the cases that Flowmaster achieved solution the results were well within experimental 
error of those from the test rig. There were two major problems encountered, the balancing 
of flows across the sequence valves at high flow rates, and handling of multi-stable solutions. 
For the case of balancing of flows the problem may be due to the maximum number of 
iterations being reached before solution is achieved rather than an inability to find solution. 
This cannot be confirmed because solution data is not available. Even if this is the case it 
means the solver is not performing to its optimum in this area. The introduction of user 
control of convergence and solution weighting may overcome this problem, but non-expert 
users will not be able to apply this effectively. 
For the case of multiple solutions, there are two options which may give control to which 
solution is achieved, and allow investigation into the possibility of different solutions. They 
are the setting of initial conditions in the branches of the network, or the use of transient 
analysis in a similar manner. The use of transient analysis was tried but resulted in 
excessively long run times due to the small time step required to account for the change of 
state of operation of the pump outlet non-return valves. Problems of this nature are 
highlighted and discussed in detail in Chapter 7, Section 7.1.1.2. 
The effects of component tolerances are highlighted in this network due to the sensitivity of 
the wing tank solution to the outlet pressure of the pumps. The significance of the effects of 
component tolerance is very much dependent on the networks. In this case the incorrect 
solution was not significant because both pumps are supplied from the same tank. If these 
pumps were supplied from different tanks and the analysis was concerned with monitoring the 
volumes of these tanks, then the effects of an incorrect solution are considerable. In general 
the effects cannot be completely investigated due to the time required, only their effects borne 
in mind when analysing results. In the future, it is proposed to assess the effects of 
combinations of the extremes of tolerances on the key components in the network. 
Overall the simulation showed close agreement with measured data and the problems 
encountered would lead to either no solution being available or another valid numerical 
solution rather than an incorrect solution being achieved. The fact it is a valid numerical 
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solution though does not mean it is necessarily a practical one, so results should always be 
assessed with experience rather than just accepted. 
The major problems encountered were all solver-based and proved impossible to completely 
investigate due to lack of data on how the solution progresses. To enable truly complete 
analysis of aircraft fuel systems this information would have to be made available. 
8.2 Modelling of Refuel in a Partitioned Tank 
8.2.1 Introduction 
This study was initiated to determine the size of the refuel restrictors in a partitioned tank. 
The tank is split into two cells as shown in Figure 8.18, which are treated for gauging 
purposes as a single tank. The two cells are linked by the refuel line which maintains a level 
fuel surface across the partition at all times, this being a design requirement. During refuel, 
the refuel line cannot adequately balance the levels in the two partitions. Therefore the refuel 
rates into each partition are required to be set to maintain a level fuel surface. The study was 
carried out in four stages: 
- Initial sizing of the refuel restrictors (Section 8.2.3). 
- Investigation of a problem with the refuel system highlighted during the initial 
sizing of the refuel restrictors (Section 8.2.4). 
- Analysis and determination of modifications to the refuel system 
(Section 8.2.5). 
- Sizing of the refuel restrictors with the modifications incorporated 
(Section 8.2.6). 
This study describes the work as it developed rather than reporting on the pertinent results. 
It therefore includes the errors. It is felt this approach gives a better understanding of the 
application of the methods to analyse actual fuel systems. 
Throughout this case study, the difference in height of the surface of fuel in the forward and 
aft cells is referred is as the 'fuel step across the partition', which is shown in Figure 8.19. 
In parallel with the simulation, aircraft tests were conducted. The fuel step across the partition 




8.2.2 Refuel System 
The tank is split into two cells, forward and aft, linked by the two inch refuel line. The tank 
is refuelled via two restrictors as shown in Figure 8.18. The aft restrictor feeds the two 
outboard aft tank diffusers Al and A2, and the forward restrictor feeds the inboard aft tank 
diffuser A3, and the two forward tank diffusers Fl and F2. 
8.2.3 Initial Restrictor Sizing 
The restrictors could not be sized in the manner described in Section 7.3.2.1 because the flow 
rate required through each was unknown. The criteria for sizing of the restrictors was to 
maintain as near as possible a zero step across the partition throughout refuel. 
The restrictors and associated pipework were modelled with Bathfp standard components, 
bends and junctions being accounted for as additional losses in the pipe models. The forward 
and aft cells were modelled with tank models as described in Section 6.2.3.2, there volume- 
height descriptions being taken from Reference [2]. 
The diffusers, Figure 2.6, have 1'h inch diffusing pipe which is connected to a2 inch refuel 
pipe. They are modelled using a discrete loss as described in Section 6.2.4. In addition to 
the loss coefficient of 1 for the diffuser, a loss coefficient of 0.35 is used to allow for the 
contraction from the 2 inch refuel pipe. The refuel supply is from a pressure versus flow rate 
characteristic, Figure 8.20, incorporated in a pump model using BathME. The simulation 
network is shown in Figure 8.21. 
8.2.3.1 Initial Results 
A series of analyses was carried out to determine the size of the restrictors. From these 
analyses it was found that a level surface across the partition could not be maintained 
throughout refuel. This is due to the shape of the cells, and because the base of the aft cell 
is below that of the forward cell. The optimum size of restrictors determined were a 35mm 
forward and 22mm aft restrictor. The predicted maximum fuel step across the partition for 
the simulation, and the measured maximum fuel step across the partition on the aircraft for 
these restrictors are given below. a 
Forward Restrictor Aft Restrictor Simulation Aircraft 
35mm 22mm 7.5cm aft high 35cm aft high 
To reduce the size of the fuel step across the partition measured on the aircraft, and provide 
additional data to determine the difference between the simulation and aircraft tests the 35mm 
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forward restrictor was removed. The predicted maximum fuel step across the partition for the 
simulation, and the measured maximum fuel step across the partition on the aircraft for the 
22mm aft restrictor only is given below. 
Forward Restrictor Aft Restrictor Simulation Aircraft 
- 22mm 6.4cm fwd high 20cm aft high 
In both these cases the simulation predicts the fuel step across the partition between 26cm and 
27cm forward high of those measured on the aircraft for the same restrictors. Additionally 
the aircraft system cannot meet the design requirement of maintaining a level or near level fuel 
surface across the partition. Even with no forward restrictor an aft high fuel step is still 
measured. 
An investigation was therefore undertaken to determine the reason for the difference in the 
predicted fuel steps across the partition and those measured on the aircraft, and why the 
aircraft can only achieve an aft high step. 
8.2.4 Refuel System Design Investigation 
The layout of the refuel system to the two cells has the aft cell supplied through both the 
forward and aft refuel lines. Increasing the flow down the forward refuel line will result in 
an increase in the flow to both the forward cell and the aft cell. In the present arrangement 
the proportion of flow through the aft diffuser A3 is too great. Therefore, to achieve a zero 
or forward high fuel step across the partition, the loss downstream of the junction of the aft 
diffuser A3 on the forward refuel line requires reducing. Only two of the components in this 
line could cause a loss great enough to give, the measured aft high steps: the emergency 
isolation valve, if it was not fully closed, or the junction of the two forward diffusers which 
has a complex shape as shown in Figure 8.22. The latter possibility was assumed to be the 
most probable cause since the emergency isolation valve would be required to be two thirds 
open which was unlikely. 
The shape of the junction, Figure 8.22, suggests a possibility of a high loss due to its complex 
shape. Unfortunately this cannot be fully appreciated from a drawing and it requires the actual 
junction to be seen. As explained in Section 7.3.1.2 it is important to consider the losses of 
such complex shaped components early in the design. -This has not been undertaken for this 
junction because the design of the system and junction were carried out before the methods 
developed within this research were introduced. If this design were carried out now, the loss 
of this junction would have been considered. To investigate the losses of the junction a two- 
dimensional Computational Fluid Dynamic (CFD) model of the junction was developed. This 
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model also included a swan neck on the inlet and 100mm settling lengths on the inlet and 
outlets, Figure 8.23. A two-dimensional model was developed in preference to a three- 
dimensional model because an answer was required within a very short time scale, ie. one day. 
A three-dimensional model would not have been possible to develop in this time. It was felt 
the two-dimensional model represented the junction fairly accurately because although the 
junction was not co-planar it did not lay far out of plane. From this model the flow paths of 
the junction were determined. A velocity vector plot is shown in Figure 8.24 and 8.25. These 
show a large recirculation zone in the branch which supplies diffuser F2, in effect reducing 
its diameter by half. 
The branch supplying diffuser F2 is 1' inch diameter. To assess the effects of the 
recirculation zone, an 18mm restrictor was added in this branch of the Bathfp network and 
simulations carried out for the previously tested restrictors. The predicted maximum fuel step 
across the partition for these simulations, and the previously measured maximum fuel step 
across the partition on the aircraft for these restrictors are given below. 
Forward Restrictor Aft Restrictor Simulation Aircraft 
35mm 22mm 36.5cm fwd high 35cm aft high 
- 22mm 17.5cm aft high 20cm aft high 
Inclusion of the additional loss for the junction brings the simulation in line with the aircraft 
results. Based on these results it was decided to redesign the junction. 
8.2.5 System Modification 
The original design of the junction is intended to achieve the main balancing flow through 
diffusers A3 and Fl. Structural limitations on routing of pipes has resulted in the branch to 
diffuser F2 being placed on the bend, and the diameter of the branch being reduced to aid the 
required balanced flow. These factors have led to the creation of this re-circulation zone. To 
reduce the size of the re-circulation and loss of the junction, the emphasis of achieving the 
main balancing flow through diffusers A3 and F1 was lifted. It was decided to straighten the 
branch to diffuser F2 and increase its diameter to 2 inches. The modified design of the 
junction is shown in Figure 8.26. To enable the branch to be straightened, structural 
limitations required diffuser F2 to be moved further forward as shown in Figure 8.27. To 
further aid in the reduction of loss, the size of diffuser F2 was increased from 11/2 inches to 
2 inches, but the outlet gap was proportionally reduced to give the same outlet area at the end 
of the pipe as a 1'h inch diffuser, Figure 8.28. With this new design it was anticipated that 
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the balancing flow from the forward cell would be evenly split between the two forward 
diffusers. 
8.2.5.1 Junction Design and Modelling 
To assess the performance of the redesigned junction, a three-dimensional CFD model of the 
junction was developed because more time was available than for the analysis of the original 
junction. The advantage of three-dimensional CFD models over two-dimensional models is 
that they will supply a more accurate prediction of the performance of the junction, 
particularly for three-dimensional effects such as re-circulation out of the two-dimensional 
plane. The problem with three-dimensional CFD models is the development of the geometry 
itself. This is particularly true for intersecting circular cross sections. 
Complications were encountered during the development of the actual intersection of the 
junction due to a complex cell development. Inspection of the junction, Figure 8.26, shows 
that the intersection itself can be approximated to a straight-through pipe with a 60° branch. 
The intersection of the three-dimensional, 60° 'Y' junction developed for the 'Y' junction 
testing detailed in Chapter 5, was modified to allow for a straight-through branch as shown 
in Figure 8.29. The inlet and outlet to diffuser F2 were extruded from this along splines 
describing their centre line, and the outlet to diffuser F3 extruded as a straight pipe. The CFD 
model is shown in Figure 8.30. The additional cells on the outlet legs are included to aid in 
generation of the mesh at the intersection, as described in Section 5.3.4.2. 
With the time limitations on this study it was decided to initially only obtain loss coefficient 
data for the two anticipated extremes of flow ratio and from these assess Bathfp's sensitivity 
to them. It was anticipated that at best 50% of the flow would go down each branch and at 
worst, would split 65% through the through-pipe to diffuser F2, and 35% through the branch 
to diffuser Fl. _. 
The CFD model of the junction was run for these flow ratios using the inlet flow rate 
measured during the aircraft tests, and with turbulence modelled with a k-E turbulence model 
described in detail in Sections 4.3.1.2 and 5.3.4.3. A small recirculation zone was found in 
the junction as shown in Figure 8.31. This is typical of this type of junction. The loss 
coefficients obtained are given below, along with loss coefficients for a standard 60° junction, 
obtained from Reference [16] for comparison. 
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65/35 Flow Ratio 
Loss Coefficient Junction Standard T 
k, p 
0.454 0.100 
1:, 0.689 0.680 
50/50 Flow Ratio 
Loss Coefficient Junction Standard T 
k, p 
0.353 0.040 
k, 0.652 0.600 
As expected, the CFD model of the junction predicts a greater loss coefficient than the T 
junction. The through flow loss coefficient, ktp is considerably greater for the refuel junction 
than the standard T junction. This is due to the inclusion of the inlet 'swan neck' and the 
outlet bend, see Figure 8.30. The loss coefficient for the branch pipe kb is only slightly 
greater than for the standard T junction, even though the inlet 'swan neck' is included. This 
is because the branch on the refuel junction has a radiused edge, whereas those of Reference 
[16] are sharp edged, the radiused edge reducing the loss coefficient [16]. 
8.2.5.2 Inclusion of Modified Components in Network Model 
The original Bathfp analysis network requires the inclusion of the loss coefficient of the new 
junction, the modified diffuser and the extended pipework. The sensitivity of the network to 
the junction loss coefficient was assessed. As described in Section 6.2.4 diffusers are difficult 
to model due to a lack of data on the loss characteristic. In the original network the diffusers 
were simulated with a discrete loss model using a loss coefficient of 1.35 based on a 11h inch 
diameter and frictional losses taken into account with a 11h inch diameter 0.6m long pipe. If 
all the diffusers are identical and simulated with the same model, but the model is incorrect, 
then the predicted flow rate will also be incorrect. However the ratio of flows through each 
diffuser will be predicted correctly because the same error is applied to each flow. Therefore 
the maximum. step across the partition will be predicted correctly although the time may not 
be because of the incorrectly predicted flow rates. To model the effects of the modified 2 inch 
diffuser, F2, relative to the other diffusers it was decided to use a similar model. The effects 
of the discharge through the reduced length discharge gap are accounted for with a discrete 
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loss with a loss coefficient of 1.0 based on a 1' inch diameter and the frictional losses of the 
diffuser modelled with a2 inch 0.6m long pipe. 
The predicted losses for the new junction show little sensitivity of loss coefficient to flow 
ratio. Therefore the flow ratio through the junction will be dependent on the downstream 
losses of the two branches too diffusers F1 and F2. When the loss coefficients for the 
junction were included in the network with a 35mm forward refuel restrictor and a 22mm aft 
refuel restrictor this was found to be true with the network showing very little sensitivity to 
the two sets of loss coefficients. For the loss coefficients based on a 50/50 flow split, a flow 
split of 62/38 was predicted and for the loss coefficients based on a 65/35 flow split, a flow 
split of 63/37 was predicted. Based on these results the loss coefficient for the 65/35 flow 
split were used. 
8.2.6 Restrictor Sizing with Modifications Incorporated 
With the loss coefficient of the new junction and the modified diffuser included in the network 
model, the refuel restrictors were again sized as outlined in Section 8.2.3. Aircraft testing was 
restricted to a single test. From this test and the simulations, a set of restrictors would be 
selected. With the selected restrictors fitted a second test would then be carried out to 
measure the size of the fuel step across the partition, but it would not be possible to carry out 
any further tests or change the size of the restrictors. It was therefore decided to size two sets 
of restrictors for installation in each wing of the aircraft for the initial test. One set was sized 
to give a small aft high fuel step across the partition during refuel. These were 20mm aft 
restrictor and 35mm forward restrictor. The second set were sized to give a small forward 
high fuel step across the partition during refuel. These were 17mm aft restrictor and 37mm 
forward restrictor. 
The predicted maximum fuel step across the partition for the simulation, and the measured 
maximum fuel step across the partition on the aircraft for these restrictors are given below. 
Forward Restrictor Aft Restrictor Simulation Aircraft 
35mm 20mm 9.5cm aft high 20cm aft high 
IL 37mm 17mm 2.0cm fwd high 20cm fwd high 
From these results there are two factors to consider. First it is evident that the simulation still 
'does not adequately model the aircraft system. ' Secönd, and the most significant factor, is the 
sensitivity of the measured fuel step across the partition on the aircraft to small changes in 
restrictor size. Based on the results for the simulation and the aircraft tests, a 36mm forward 
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restrictor and 19mm aft restrictor were selected as the final set of restrictors. The predicted 
maximum fuel step across the partition for the simulation, and the measured maximum fuel 
step across the partition on the aircraft for these restrictors are given below. 
Forward Restrictor Aft Restrictor Simulation Aircraft 
36mm 19mm 6.0cm fwd high 14cm aft high 
As an aid to the understanding of the results from both the simulation and the aircraft tests, 
the fuel step across the partition was plotted as a function of time, Figure 8.32. In all of the 
cases, the first few minutes of refuel can be disregarded because the simulations start from 
both cells empty (-5.3cm step) and the aircraft tests started from various near empty cells. 
No attempt was made to replicate the initial conditions of the aircraft precisely because the 
volume of fuel and hence height in each cell was not available, only the total volume for both 
cells. Experience from the testing and analysis also indicated that the surfaces in the two cells 
levelled out quickly during the initial stage of refuel. 
There are a number of important facts that can be obtained from Figure 8.32. 
- The simulation results for all the restrictors follow an expected trend, ie. 
increasing the size of the forward restrictor and decreasing the size of the aft 
restrictor, results in an aft high fuel step across the partition decreasing and 
a forward high step increasing. 
- The aircraft results for the 35/20mm (Figure 8.32b) and 36/19mm 
(Figure 8.32c) restrictors follow a similar trend to the simulation results, with 
the error between the simulation and the aircraft measurements similar in both 
cases. 
- The 37/17mm (Figure 8.32a) aircraft results are inconsistent with both the 
35/20mm (Figure 8.32b) and 36/19mm (Figure 8.32c) aircraft results. 
- The error between the simulation and the aircraft measurements for the 
37/17mm restrictors (Figure 8.32a) is not consistent with this error for the 
other restrictors. 
From the above observations it can be concluded that the aircraft results for the 35/20mm and 
36/19mm restrictors are correct and the simulation is predicting a fuel step across the partition 
forward high of those measured on the aircraft. This conclusion is based on the following 
facts. 
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- The aircraft results for the 35l20mm and 36/19mm restrictors show the 
expected sensitivity of the fuel step across the partition to changes in restrictor 
size, and this sensitivity is in agreement with that predicted by the simulations 
for all three restrictor sets. 
- The method of measuring the height of the fuel step across the partition on 
the aircraft, namely simple manometers, is not prone to error. 
- The model of the new junction used in the simulation has not been verified 
against test data, and may have an error in the loss coefficients. 
- The potential error of the modified diffuser model, particularly relative to the 
other diffuser models, is large. 
- If either, or both, the new junction and modified diffuser model have too 
small a loss coefficient attributed the simulation will predict a greater flow 
rate into the forward cell, and hence the fuel step across the partition forward 
high of those measured on the aircraft. 
Generally test results should not be taken as correct and the simulation adjusted to exactly 
reproduce them. In this case, the decision to modify the simulation to agree with the 
35/20mm and 36/19mm restrictors was only taken due to the conclusive evidence detailed 
above. This conclusion could not have been fully justified if, for example, the height of the 
fuel step across the partition was measured with electronic probes rather than manometers. 
The potential error of the probes would place a doubt over all of the measured data. 
A final conclusion that can be drawn from the observations of the results of Figure 8.32 is the 
aircraft results for the 37/17mm restrictors are incorrect, because they do not follow the trend 
of the other test results or simulation results. This could be due either to a reading or 
manufacturing error. A reading error of this magnitude is unlikely with simple manometers 
used to measure the fuel step across the partition. Air could have been trapped in one 
manometer, but the manometer lines were checked before the tests and an air bubble of this 
size going unnoticed is highly unlikely. The most probable cause is an incorrectly 
manufactured restrictor, either the incorrect size, off centre, out of round, or burred. These 
manufacturing faults are possible because test restrictors are simply drilled and filed, whereas 
actual production restrictors are cast in. 
8.2.6.1 Simulation Error 
As stated above the simulation predicts too great a flow rate into the forward cell. This will 
be due to too small a loss being simulated in either the new junction or the modified diffuser. 
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All other components are identical to those used for the simulation 'without the system 
modifications which provided good correlation. 
The increased loss required for the forward line can be achieved in three logical combinations. 
- Increasing the loss of the new junction. 
- Increasing the loss of the modified diffuser F2. 
- Increasing the loss of both the modified diffuser F2 and the new junction. 
Of the three options only the second two were used. The first option was not considered 
because, based on the experience of the 'Y' junction testing (Chapter 5) the error of the 
junction model will be small. 
For the second option, the required increase of the modified diffuser loss coefficient to reduce 
the flow rate sufficiently into the forward cell to predict a fuel step across the partition similar 
to the test data was 1.25. 
When considering the increase of the loss for both the modified diffuser and the junction, 
there are a number of combinations of through line loss coefficient and branch line loss 
coefficient increases which will achieve the required fuel step across the partition. The ones 
selected for this case are an increase of the through line loss coefficient of 1 (this accounts for 
both the increase in the loss coefficient of the through line of the junction and the modified 
diffuser) and an increase of the branch pipe loss coefficient of 0.2. 
For both options, the predicted fuel step across the partition for all three sets of restrictors was 
found to be identical and is given in Figure 8.33. 
From these simulations it is still not possible to determine if the error of the simulation is due 
to the modified diffuser model or the junction model. It can be concluded though that only 
a relatively small increase in loss coefficient (particularly when compared to the potential error 
of the diffuser models) brings the simulation results in line with the aircraft results. 
Unfortunately, due to the cost and time involved, further aircraft tests were not possible to 
verify any of these findings. The system actually incorporated on the aircraft consisted of the 
new junction and modified diffuser with a 19mm aft restrictor and 36mm forward restrictor. 
81.7 Conclusions 
Two of the Bathfp simulations were undertaken with inappropriate models: In the first case 
the error of the simulation was because a different junction to that fitted on the aircraft was 
modelled. The difference in results did aid in locating the source of error on the aircraft to 
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be the junction of the forward diffusers. The resulting simple change to the network 
(inclusion of an 18mm restrictor) produced acceptable results compared to the aircraft. 
In the second case the difference between the simulation and aircraft results was due to an 
error in the diffuser model and/or junction. As stated in the design procedure, loss coefficients 
obtained from CFD analysis will contain some inaccuracies, though usually fairly small. The 
major cause of this error is assumed to be modelling of the new 2 inch diffuser relative to the 
1' inch diffusers. This is a known weakness in the modelling techniques and at present there 
is no means of determining this error due to a lack of test data. One of the recommendations 
of this research is that a test programme be undertaken to determine the pressure, flow rate 
characteristics of diffusers. 
Overall results from this study have been acceptable and have shown that these methods are 
capable of investigating aircraft systems and producing quite acceptable results and solutions. 
At the worst they gave some indication of the reason the original system would only achieve 
an aft high fuel step across the partition that focused the investigation on the junction in 
forward line. This gave a great deal more confidence to undertake the responsibility to re- 
design and manufacture with the new junction. 
8.3 Lessons From Case Studies 
8.3.1 First Case Study 
This first case study has examples of typical modelling techniques and solution of problems 
within the simulation. 
Different methods of incorporating components which are not included in standard component 
library are given. These range from the determination of loss coefficient for the remote pump 
inlet and gravity feed inlet from combinations of standard loss coefficients, to the 
incorporation of the sequence valve (pressure holding valve) characteristic in a standard non- 
return valve model. 
This study is a good example of building a network from smaller networks and determining 
the operation of each to be correct before combination. In this case the network was quite 
small so may not have required this build up, but the complexity of its operation and solution 
was only fully appreciated through this build up. 
An important point highlighted, is that a simulation model is idealised and pumps of the same 
type have exactly the same characteristic and loss laws. ' In reality all components have a 
tolerance band to which they are manufactured and the sensitivity to this tolerance may require 
investigating and characteristics adjusted as the pump was in the study. 
136 
A very important characteristic of an iterating flow balancing solution technique is highlighted 
with the results for the flow demand of 782igph, ie. more than one solution may be available 
and the choice is dependent on the direction of the iteration procedure. For cases where this 
can happen, it is important to appreciate the possibility of other solutions and investigate 
through dynamic analysis, if possible, how each solution would be achieved. For example a 
particular solution may only be achieved when 'approached' from one direction, and in practice 
this may not be possible. 
83.2 Second Case Study 
This case study highlights some important aspects of simulation and test results. The most 
important of these is that test results should not always be taken to be correct and the 
simulation adjusted to reproduce them. If we consider the final restrictor sizing then although 
the simulation was in error, the aircraft results for the 37/17mm restrictors were also incorrect. 
If the network could have been, and had been, adjusted to re-create aircraft results for the 
37/17mm and 35/20mm restrictors, it would have been completely wrong. 
This case study highlights the care which must be observed when modelling diffusers. This 
is particularly true when assessing diffusers with dissimilar sizes. For cases where the 
diffusers are of the same size, the errors are quite small. This is an accepted current 
deficiency in the modelling techniques and there is a real need for testing of diffusers to 
overcome this. This can similarly be applied to other components because it is vital to have 
reliable flow rate, pressure loss characteristics for all components for an accurate analysis. 
The results from the CFD analyses highlight typical CFD modelling traits. For 
three-dimensional junctions, the complexity and time involved in developing the meshes is 
great and for co-planar junctions two-dimensional models will usually be adequate. If a 
three-dimensional model is required the use of a finite element code such as PATRAN should 
be considered. The CFD models provided very good predictions of the flow paths, particularly 
in locating the recirculation. The prediction of loss coefficients from CFD gave adequate 
results for this case, and also in the studies of Chapter 5. The use of CFD in this manner is 
a powerful tool. 
8.4 Closing remarks 
Both of these case studies illustrate well how the three software packages are applied to. the 
analysis of fuel systems. For each of the studies, one of the most important aspects of 
computational modelling is highlighted; neither simulation predictions or experimental data 
should just be accepted without scrutiny. It is essential that the data is always assessed by 
somebody with experience. For the first case study, the simulation predicted the incorrect 
wing tank pump to be supplying the engine. In this case this was not significant, but if the 
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pumps were supplying from different tanks, incorrect fuel volumes would have been predicted. 
In the second case study, if the aircraft results had been accepted as correct for the final 
restrictor sizing, serious doubt would have been thrown on the simulation as it would have 
been impossible to adjust it to model both the 37/17mm and 35/20mm cases. The biggest 




CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK 
9.1 Conclusions 
Within this research the author has evaluated and proved the application of commercial 
software to the design and analysis of aircraft fuel systems. This has been achieved through: 
- Extensive evaluation and testing of the commercial software packages, 
Flowmaster, Bathfp and Star-CD, through their application to practical 
simulations. 
- The development of additional component models by the author to expand the 
model library of Bathfp to include the majority of components required to 
simulate aircraft fuel systems. 
- Evaluation of the application of CFD for the development of operational 
characteristics for components models to be incorporated in Flowmaster and 
Bathfp. 
- The development of guide-lines and a design procedure for the three 
packages to enable a competent engineer, who is not necessarily an expert 
user of the software, to confidently and efficiently use the software for both 
the design and analysis of aircraft fuel systems. 
- The investigation and solution of problems that may be encountered with the 
application of Flowmaster, Bathfp and Star-CD. 
lt was decided at the outset of this research that commercial software would be used as the 
basis for the methods. Basing this research on commercial software has enabled the work to 
concentrate on the application of the software and the development of methods in preference 
to development of the software itself. The advantages of using commercial software are: 
- They have simple, yet comprehensive user interfaces. 
- Advantage can be taken of the investment and knowledge incorporated in iiser 
interfaces, and for Flowmaster and Bathfp their component libraries. 
- They provide the flexibility required to model the diversity of operation and 
design of different aircraft types. 
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Two types of computational modelling of aircraft fuel systems have been investigated within 
this research; (i) network analysis with Flowmaster and Bathfp, and (ii) component modelling 
with CFD using Star-CD. 
Flowmaster is a very good. steady state analysis tool which can model most networks 
competently. The flow balancing analysis module is a very useful feature for determining 
sizes of restrictors in branched networks. It is capable of modelling pressure surge with either 
a rigid pipe model or the method of characteristics pipe model. Flowmaster's drawbacks are 
its poor dynamic analysis capability, excepting pressure surge, and its component modelling 
restrictions which only allow the user to describe a component with a pressure flow 
characteristic within the framework of an existing model. Bathfp is a very good dynamic 
analysis tool which can be expanded by the inclusion of new components. Its only drawback 
is the limited number of fuel system specific components in the standard release, although this 
has been overcome by the introduction of the fuel system model library developed by the 
author. The present version is also not able to model pressure surge, although this will be 
overcome with the inclusion of a method of lines pipe model in the next release. 
Due to the background of Flowmaster and Bathfp, it was anticipated at the outset that 
component models would have to be developed. Flowmaster has a limited ability to accept 
user component models. For this reason it has not been possible to include an aircraft fuel 
tank and jet pump model, or a means of altering the atmospheric and fuel properties during 
an analysis. Bathfp accepts a wide range of models and the majority of the model 
development carried out by the author, detailed in Chapter 6, has been aimed at expanding 
Bathfp's model library to include fuel system specific components. The only major model that 
has not yet been included is the ability to rotate the network through prescribed pitch and roll 
angles. This does not reflect a limitation of Bathfp but is due to the volume of data required 
from the CAD system being impractical to incorporate manually. The most significant of the 
models incorporated are the aircraft fuel tank models and the environment model ENVO. he 
latter allows adjustment of the atmospheric and fuel properties during an analysis. These two 
models are the basis around which any dynamic fuel system analysis must be built, and are 
the two which differentiate a network analysis package suitable for aircraft fuel systems from 
those which are not. Without the development of these, Bathfp would have limited application 
to the simulation of aircraft fuel systems. The inclusion of these models enables Bathfp to 
simulate the majority of operations of an aircraft fuel system. 
The analysis capabilities of Flowmaster and Bathfp overlap to an extent, but in the majority 
of cases one provides the most appropriate solution. From' the experience gained by the 
author, through practical analyses carried out, the following summary of the application of 
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Flowmaster and Bathfp to the various analysis types has been developed: 
- Steady state conditions. Either Bathfp or Flowmaster are appropriate for 
steady state analyses. The choice of method will depend on whether the 
network already exists in one of the packages. 
- Analyses involving the response of a network over time. Generally Bathjp 
will be preferred. If the network is already modelled in Flowmaster, and the 
time step for the response is expected to be fairly constant, then Flowmaster 
may also be appropriate. 
- Pressure surge. Flowmaster will be the most appropriate for these cases. The 
choice of using the method of characteristics model or a rigid column model 
for pipes will be dependent on the valve closure time. In the experience of 
the author the typical valve closure times encountered within aircraft fuel 
systems are adequately modelled with the rigid pipe model. 
- Analysis requiring the operation and effects of fuel tanks to be modelled. 
Bathfp is the obvious choice here as Flowmaster has too many restrictions 
when modelling tanks. 
- Analysis requiring the effects of changing altitude to be considered. To allow 
for changing atmospheric and fuel properties Bathfp and the environment 
model ENVO are required. If the effects can be adequately accounted for with 
constant fuel properties and changing atmospheric conditions applied to the 
boundary pressures and flows of the network, then Flowmaster will also be 
appropriate. 
- If additional components are required to be modelled. Generally Bathfp is 
preferred. However. if the additional modelling can be described as, a 
characteristic curve, Flowmaster may also be appropriate. 
CFD has been used within this research to develop operational characteristics of components 
for inclusion in the network analysis methods. Before the introduction of CFD the only means 
of assessing a component's performance was through costly rig testing which would only be 
undertaken where the performance of a component was critical and could not be obtained by 
any other means. CFD opens up a whole new range of possibilities for study of component 
operation. One of the most important of these is the determination ' of appropriate geometries 
during initial system description as detailed in Chapter 7. The consequence of not carrying 
out this form of analysis is illustrated in the second case study of Chapter 8, where the 
complex geometry of a junction created an unacceptably high loss which resulted in late 
modifications to the aircraft. A second important application of CFD that has been 
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demonstrated by the author is the determination of characteristics for component models which 
are then included in Flowmaster or Bathfp. These characteristics can be used in either general 
models, as illustrated by the junction example in the second case study of Chapter 8, or can 
be incorporated in dedicated models, as in the use of the 'Y' junction data described in 
Chapter 5. In addition to supplying these characteristics, the 'Y' junction testing and CFD 
modelling detailed in Chapter 5 has extended the data available for combining 'Y' junctions 
down to included angles of 30°. It has also provided a valuable source for the validation of 
the application of CFD to the development of component characteristics. 
The major drawback of Star-CD, and any other CFD code, is the development of the meshed 
geometry. The use of meshes generated automatically from Finite Element stress modelling 
packages, as outlined in Chapter 4, may overcome this. Alternatively the latest release of 
Star-CD has greatly improved meshing capabilities which provide simple methods for the 
development of complex meshes. 
The author's development of guide-lines and design procedures as a result of experience and 
knowledge obtained throughout this research, has greatly increased the number of, range and 
complexity of simulations, providing an increased understanding of the operation and 
performance of the system. The effects of the increased number of simulations is illustrated 
in Chapter 7, with the application of Flowmaster to the design and analysis of engine feed 
systems. It is estimated that the analysis time has been reduced by a factor of twenty in 
comparison to traditional methods. This has enabled additional analyses to be undertaken, 
giving a better understanding of the system, such that design engineers are now confident they 
can predict the performance of the system for growth engines on current aircraft with little 
additional work. The application of Bathfp will further reduce the analysis time for the 
modelling of the engine feed system, as all flow rates are undertaken in a single analysis for 
a particular combination of altitude, temperature and failure condition. The increased range 
and complexity of simulations is most evident with the inclusion of dynamic analysis and 
determination of component characteristics with CFD. With traditional methods, these types 
of analysis were rarely undertaken due to the excessive time required. There have been a 
number of cases throughout the, research where these new capabilities have been the only 
means of analysis. The most significant of these have been: 
- Analysis of emergency descent, detailed in Section 7.3.3.1. 
- Analysis of refuel pressure surge, detailed in Section 7.3.2.3. 
- Analysis of centre to inner tank transfer, detailed in Section 7.3.4. 
- Analysis of refuel in a partitioned tank, detailed in Section 8.2. 
-. ý. .., 
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- Development of loss coefficient characteristics for 'Y' junctions, detailed in 
Chapter 5. 
- Determination of loss coefficients for the junction of the second case study, 
detailed in Section 8.2. 
If the computational methods had not been available then either costly testing would have been 
required, or components would have been over sized to ensure the design was safe. he major 
application of dynamic analysis, in association with the fuel tank models developed within this 
research (Section 6.2.3.2), has made possible flight profile modelling as outlined in 
Section 7.2.6. 
One of the most important aspects of computational simulation is highlighted in both case 
studies of Chapter 8; namely what can be expected of a simulation, particularly when 
comparing with measured data? When analysing simulation and measured data it must always 
be remembered that there will be an error associated with both. For the simulation this is due 
to the experimental and empirical data used to define the majority of component models. For 
measured data the error is due to the accuracy of the measuring equipment or that the system 
being measured may not be what was defined due to incorrectly fitted or manufactured 
components. A good example of this comparison of simulation and measured data is given 
in the final results of the second case study of Chapter 8. 
Assuming all of these potential errors were overcome, then the simulation would still not 
predict exactly the same results as those measured. This is because the simulation models the 
'ideal' system. In reality all of the components have a tolerance band on their operational 
characteristic and the output of each is dependent on the location of their characteristics within 
their tolerance bands. The simulation will generally be based on a nominal characteristic. An 
example of the effects of component tolerancing is given in the first case study of Chapter 8. 
The second case study of Chapter 8 highlights problems with Flowmaster when multiple 
solutions are present in a network. In some cases Flowmaster is unable to achieve solution 
or achieves the wrong solution. Investigation determined the cause to be the iterative solution 
method employed by Flowmaster. When this solution technique is applied to networks with 
multiple solutions, the solution achieved is dependent on where the initial iterations predict 
an approximate solution. If the solutions are in 'close proximity' the iterative solution method 
can oscillate between the two solutions and not solve for either. A detailed description of this 
problem is given in the first case study of Chapter 8. 
The need for a means of analysing the operation of aircraft fuel systems and their components 
is now being more generally accepted. At the commencement of this research (1987), very 
little simulation and modelling of aircraft fuel systems was being undertaken. Since then the 
methods developed in this thesis have been accepted as the standard implementation of 
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computational modelling of aircraft fuel systems within British Aerospace Sites and Divisions. 
With publication of information on this research [83], other aerospace manufacturers are 
considering the implementation of Flowmaster and Bathfp to the design and analysis of aircraft 
fuel systems, using methods developed by the author. 
The computational methods developed by the author in this thesis give the aircraft fuel system 
design engineer a set of tools which enable detailed design and analysis prior to testing and 
flight. The application of these tools and associated methods achieves a greater understanding 
of the system and a reduced time from concept to first flight. This results in a safer design 
and reduced costs. 
9.2 Recommendations for Future Work 
Diffuser Test Programme 
Aircraft diffusers are an important part of an aircraft fuel system. Unfortunately there is a 
distinct lack of data available describing their operation in terms of pressure and flow rate. 
It is widely accepted within the aerospace industry that this is a shortcoming in the data used 
to describe aircraft fuel systems. To overcome this, and extend modelling capabilities, it is 
recommended that a test programme be undertaken to determine the operational characteristics 
of aircraft diffusers. In conjunction with this, a CFD modelling exercise should be carried out 
to validate the application of CFD to the modelling of aircraft diffusers. This will then enable 
further investigations with CFD models to be undertaken without the need for further testing. 
Modelling of the Fuel System Computer 
Control of the operation of components in both Flowmaster and Bathfp is achieved through 
standard control components. These components are not appropriate for modelling the 
operation of the fuel system computer., As explained in Chapter 2, the fuel system computer 
controls the operation of all the components of the aircraft fuel system through logic in normal 
operation and all combinations of failures. Incorporation of this amount of logic in either 
Flowmaster or Bathfp in their current implementations is inappropriate. To completely 
emulate the operation of the aircraft fuel system, the logic contained within the fuel system 
computer must be incorporated, or linked to,, the simulation of the fuel system. This may be 
through development of a logic modelling tool within either Flowmaster or Bathfp, similar in 
operation to BathME, or developing a link to a logic modelling package which would, model 
the operation of the computer. 
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Development of Software for Modelling of Transition between Flight Phases 
Currently the design of the aircraft fuel system is restricted to the assessment of its 
performance during the major flight phases. The performance of the fuel system during the 
transition between flight phases is not considered. It is anticipated, based on experience of 
the latest aircraft developments, that this will become an area of concern. To meet this 
requirement the performance of the methods developed within this thesis will require assessing 
in these transitional areas, and the fuel tank models described in Chapter 6 Section 6.2.3.2 will 
require development to allow for changes in the volume, height description due to pitch and 
roll during an analysis. 
Link to CAD System 
A fuel system is a complex network of components which including all pipes, bends etc. can 
consist of well over 700 components. At present Flowmaster and Bathfp require all 
dimensions describing each component to be manually incorporated into the component 
models. This is time consuming and prone to operator error, which is difficult to trace. 
Development of a link between the Computer Aided Design system, on which the fuel system 
is designed, and Flowmaster and Bathfp to enable the data describing the components to be 
automatically incorporated and possibly even 'draw' the network would substantially reduce 
network development times. In addition to the dimensions of the components, the spatial 
co-ordinates of each of the components could be incorporated. This would allow the 
inclusion of models to rotate the network in pitch and roll and appropriately update heights 
within the network, as described in Section 6.6.3.2. 
Modelling of Air and Fuel in a Network 
In the current versions of Flowmastcr and Bathfp the fuel and vent systems are modelled in 
isolation. The effects of each system on the other are included as approximations in the 
components, at the interface of the two systems. This is usually in the form of surface 
pressure on a tank, or modelling of the fuel surface as an incompressible boundary. 
Development is required to allow the coupling of the fuel and vent systems to be modelled. 
Assessment of Mesh Generating Methods 
CFD provides a powerful tool in its component modelling capabilities. At present its 
application is limited only by the ability to produce the meshes describing the geometry of the 
component to be modelled. This has been found to be particularly true within this research, 
because the majority of components investigated are complex shaped junctions. These provide 
extensive meshing problems at the actual intersection of the junction as is illustrated in 
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Section 8.2.4.1. However, meshes can be automatically generated with Finite Element Stress 
Modelling Packages and incorporated within Star-CD as outlined in Chapter 4. Nevertheless 
finite element stress modelling allows greater mesh distortion than CFD so care has to be 
taken with these meshes. Additionally there is a considerable amount of investment now 
being made in the meshing 'capabilities of CFD codes. A release of Star-CD due out very 
shortly has greatly enhanced meshing capabilities. A study to assess all the possible methods 
of generating meshes is required. This should take into account the ease by which meshes can 
be generated and also the degree of distortion within these meshes as well as future 
development in CFD codes. 
93 Closure 
The amount and complexity of design calculations required for both performance and 
airworthiness requirements for an aircraft fuel system are now very demanding. Up to the 
present they have barely been achieved with traditional methods. On recent aircraft 
programmes limited application of computational methods has been required [2 to 5,84]. The 
author has shown through this thesis that it is now possible to design and analyse the operation 
of aircraft fuel systems with computational methods, and these methods are now being 
accepted within the U. K. aircraft manufacturing industry. To meet the design and analysis 
requirements of the next generation of aircraft fuel systems will require the application of the 
methods developed and outlined within this thesis. 
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APPENDIX A 
POLYNOMIAL EQUATIONS DESCRIBING MEASURED 'Y' JUNCTION 
LOSS COEFFICIENTS 
For interpretation, display and application of the test rig results the loss coefficient data when 
adjusted for the inlet contraction has been fitted with a polynomial equation using Lotus 123 
regression analysis. This uses a least squares method. The equations and coefficients for each 
junction are given below. 
30° 'Y' Junction 
The data obtained directly from the test rig for flow ratios between 0.2 and 0.8 has been fitted 
with a third order polynomial. 
23 





93 43 93 
Where: 
A. 1 
A. W _ -0.88917 1 
B3o = 3.2267x 10'2 
C,, _ -3.7908x10' 
D30 = 1.3940x10' 
With the loss coefficient at flow ratios of 0.0 and 1.0 included a second order polynomial has 
been fitted to the loss coefficient data. 
3 
k -A +B 
4i 
+C30. 
q' A. 2 304 
43 q3 
Where: 
A30, _ -0.7628 
B,,, = 2.2678x 10-2 
C, o, _ -3.7908x10-4 
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60° 'Y' Junction 
The data obtained directly from the test rig for flow ratios between 0.2 and 0.8 has been fitted 
with a third order polynomial. 
z3 





it A. 3 
43 q3 q3 
Where: 
A _ -0.5721 
B, # = 2.2725x10'2 
C60 _ -2.5969x10-4 
D6a = 1.1381x104 
90° 'Y' Junction 
The data obtained directly from the test rig for flow ratios between 0.2 and 0.8 has been fitted 
with a third order polynomial. 
kA+B q' + C" + D90 
91 9' 3 A. 4 
93 93 4s 
Where: 
Apo = -0.2413 
Bm = 1.4597x 10"2 
C _ -1.9652x10' 
D,, = 1.2191x10"' 
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120° 'Y' Junction 
The data obtained directly from the test rig for flow ratios between 0.2 and 0.8 has been fitted 
with a third order polynomial. 
2s 
k -AL" `ß _ +Cuo 
41 
+D12 
4i A. 5 
43 43 4s 
Where: 
A, J, _ -0.2413 
B12, = 1.4597x10"2 
Cpl, _ -1.9652x10-4 
D120 = 1.2191x104 
150° 'Y' Junction 
The data obtained directly from the test rig for flow ratios between 0.2 and 0.8 has been fitted 
with a third order polynomial. 
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Q-I A. 6 
q3 q3 93 
Where: 
Also = -0.2413 
B1S0 1.4597x 10'= 
C1so = -1.9652x10 
D15 = 12191x104 
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Released Modelled Released Modelled 
Pipe J  
Bend   
T Junction J J 
'? Junction J  
Ball valve etc.   
NRV   
Transitions   
Restrictor   
Simple tank  J ° 
A/C fuel tank N JJ 
Centrifugal pump  a 
Jet pump N J 




 Component released or can be modelled. 
 Component Model incorporated. 
N Component cannot be modelled. 
a Modelled using BathME. 




Flow Ratio Maximum Positive Error Maximum Negative Error 
0.2 0.0115 -0.0119 
0.3 0.0139 -0.0144 
0.4 0.0153 -0.0159 
0.5 0.0158 -0.0163 
0.6 0.0155 -0.0160 
0.7 0.0147 -0.0151 
0.8 0.0134 -0.0138 
60' Junction 
Flow Ratio Maximum Positive Error Maximum Negative Error 
0.2 0.0150 -0.0156 
0.3 0.0166 --0.0171 
0.4 0.0174 -0.0180 
0.5 0.0176 -0.0183 
0.6 0.0176 -0.0182' 
0.7 0.0172 -0.0178 
0.8 0.0168 -0.0173 
90' Junction 
Flow Ratio Maximum Positive Error Maximum Negative Error 
0.2 0.0193' ,. . -0.0200 
0.3 0.0198 -0.0205 
0.4 0.0198 -0.0205 
0.5 0.0197 -0.0203 
0.6 0.0195 -0.0202 
0.7 0.0194 -0.0200 
0.8 0.0196 -0.0202 
Table 5.1 Maximum Errors of Loss Coefficient due to Flow Measurement. 
120° Junction 
Flow Ratio Maximum Positive Error Maximum Negative Error 
0.2 0.0240 -0.0248 
0.3 0.0240 -0.0248 
0.4 0.0237 -0.0245 
0.5 0.0234 -0.0242 
0.6 0.0230 -0.0238 
0.7 0.0227 -0.0235 
0.8 0.0226 -0.0233 
150° Junction 
Flow Ratio Maximum Positive Error Maximum Negative Error 
0.2 0.0300 -0.0311 
0.3 0.0288 -0.0298 
0.4 0.0278 -0.0288 
0.5 0.0271 -0.0279 
0.6 0.0265 -0.0274 
0.7 0.0263 -0.0272 
0.8 0.0264 -0.0273 
Table 5.1 (contd) Maximum Errors of Loss Coefficient due to Flow Measurement. 
Flow Rate Centre Tank Delivery 
(igph) Pump Outlet Pressure (psi) Pressure (psi) 
Test Rig 1273.2 48.4 48.1 
Simulation 1273.2 45.8 453 
Simulation with 
Uprated Pump 1273.2 48.8 48.3 
Test Rig 1003.2 52.7 52.5 
Simulation 1003.7 49.1 48.7 
Simulation with 
Uprated Pump 1003.7 52.4 52.0 
Table 8.1 Centre Tank Verifcation Tests. 
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Figure 2.1 Illustration of the Effects of Fuel Type and Temperature 
on Pump Performance 
Wing tank 
Figure 2.2 Two Tank Fuel System 
Centre tank 
Wing tank 
Inner wing tank Inner wing tank 
Outer Outer 
wind tank wing tank 
Trim tank 



























UQZ c~iý CL. 
U- u' UZ 
WWNý "ý M _, J 
WuMWN 
Z LL. UZ -j I 



















Mass of Fuel In Individual Tanks 






Shroud 4- r 







Cutout showing diffuser pipe exit 
Figure 2.6 Aircraft Refuel Diffuser 
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Figure 27 Typical Large Aircraft Refuel System 
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Figure 28 Two Types of Refuel System 
b. Manifold Type 
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Figure 2.9 Negative 'g' Protection Using Collector Cells 
(Viewed From the Front) 
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Figure 2.10 Negative 'g' Protection Using Remote Pump Inlet 
(Viewed From Above) 
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Figure 2.11 Air Release Valve 
Collector Cell Vent 
Wing Tank 
Engine Feed 
Jet Pump Flow to Keep 
Collector Cell Full 
dnvwnq fluid jet noW. high velocity mixed stream 
cI 
ontfamed mixing tube 
fluid ýT- ontfamad flow or throat ddfusK 
Figure 2.12 Arrangement of a Jet Pump. 
Figure 2.13 NACA Intake. 
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Figure 3.3 Bathfp Pipe Models 
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Figure 3.5 Network Update, Flowmaster. 
Caam, nt Number : 0004 PIPE: CYLINDRTCAL 
Last Modified : 17/3/93 15: 05 
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Page I of 1 
Lengtn 10 (a) SPSS. SPFB. SPT, SPPSPSISPSZSPNIMBlPSMIF 
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Figure 3.7 Results Screen, Flowmaster. 
PROJECT TITLE i testl 
NETWORK NAME : f1ow_balnce_tuo 
DESCRIPTION I 
TIME / DATE : 15: 13 4/8/93 PAGE 
Component Number 11 2 
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Figure 3.8 Fiowbalancing Results. Flowmaster. 
PROJECT TITLE i refuel 
NETWORK NAME refuel 
DESCRIPTION t refuel network 
TIME / DATE t 15: 34 5/8/93 PAGE 
Max Pressure 50.000 (psi) occurred at NODE 9 




Figure 3.9 Pressure Gradient Plot, Flowmaster. 
PROJECT TITLE demo NETYORK NAME $ networic-l 
DESCRIPTION network for figures 
TIME / DATE 16: 56 17/3/93 PAGE 1 
Maximum value was 4.65E+00 (bar) at 5.690 (s) 
Minimum value was 1.13E+00 (bar) at 0.000 (s) 
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n. wle .tr tawr.. w.. I U4. DATA MANAGER (3.2 D) copyright (e) EB29.2922 
LITT Cvnnt Fenuly 
. our 





SELECT' READY Se ect Select Select otc. e units 1 
Figure 3.11 Datamanager. 
w 
Loa. Coa.. Typ. 
(1)_1. R 
(1)_4 COr 
(2). 2. rD 
(2). 3. cor 
(3).. 3.. Cl 




Figure 3.12 Icon Editor, Flowmaster. 
Last Modified 1 26/1/93 15: 58 Rvtur [alex3 
Nominal Properties 
Pap 1 of 2 
Reference temperature - NOTSET « (aeg C) ss. spfb. apt, spp, spsl. aps2, fpso. fpt 
Refer Me density "" NOTSET "" Ike/s3) sa. spfE. apt, spp, spsl. sps2. fpss, fpt 
Thermal Expansion Coefficient » NOTSET « ss. spfb. opt, sppspsl. aps2. fpss, fpt 
Bulk Modulus 1.32 (GN/s2) SS. FPT 
Vapour Pressurs ." NOTSET « (bar) ss. spfb. opt. spp, spsi. sps2. fpss. fpt 
Reference Dynamic VlscosltV » NOTSET « (N s/a2) spss. spfb. apt. spp. upsl. spa2. fpsa, fpt 
Walther Equation Z 0.7 s. spfb. opt. spp. spot, sps2. fpss, fpt 
Walther Equation A 9.9897 ss. spf0. opt. spp. spsl, sps2. fpss, fpt 
Walther Equation 8 4.1951 ss. spfb. apt. spp. spsl. sps2. fpss, fpt 
Specific Most Coefficient A 0.67267 s. spfb. sot. spp. spsl. sps2. fpss. fpt 
Specific Heat Coefficient 8 0.00435 sa. spfb. opt. spp, spsl. sps2. fpsa. fpt 
Specific Heat Coefficient C 0 ss. spfb. apt. spp, spsl. sps2. fpas. fpt 
Specific Neat Coefficient 0 0 s. spfb. opt. spp, spsl. sps2. fpss. fpt - 
Specific Heat Coefficient E 0 ss. apfb. apt. spp, spsl. tps2. fpst. fpt 
Specific most Coefficient r 0 ss. spf0. apt. spp. spsl. 2ps2. fpss. fpt 
Eagle Ref for Component 1 - NOTSET « FSS. CFT 
Mole Fraction for Component 1 - NOTSET « FSS. CFT 
Eagle Ref for Component 2 » NOTSET "" fas. eft 
Mole Fraction for Component 2 « NOTSET "" fas. eft 
Eagle Rif for Component 3 - NOTSET "" fee. eft 
Figure 3.13 Fluid Data Sheet, Flowmaster 
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Figure 3.14 Network Draw, Bathfp 












rnation HPO1 Cancel More into 
HP05 HP10 HP11 HP12 HP20 HP21 
HP22 HP30 
Figure 3.15 Generic Component Pop Up. Bathfp Figure 3.16 Model Ust. Bathfp 
Figure 3.17 Parameter definition Pop Up. Bathlp 
rj oil properties 
Operational paraneters are given in the 
box below. To change any paraneter 
select with cursor. Exit oil properties 
by selecting Continue 
Oil type : Default 
Volunetric tractional air content: 0.1 
Saturation pressure :0 [bar] 
Operating tenperature : 40 [C] 
Continue 
Corresponding oil properties are: 
Density : 860 [Kg/n3] 
Bulk nodulus : 17000 [bar] 
Kinenatic viscosity : 50 [cSt] 
Absolute viscosity : 43 [cP] 
Figure 3.18 Fluid Set up. Bathfp 












Figure 3.19 Typical Time History, Bathfp 
batbkon 
1: Hitmas editor Ready. 
Wile function started. 
3: Lod btLwp file. 
4: "9c-ftanks. Icon* loadsd. 1 
E 
Set fill Zoon 
Inwrt Rll Pan 
Clear a" %W-"l 
Clear Fires Teat 




Overlay Area Raetanr 
Copy pro* Llm 
Ibw Area Grid 
File i 9c. funks. lcan 
Width 37 
Height t 25 
Scale : 10 
sPart 20 
Set Port option 
. 
I-- IIjIII il I Reseal. FU. Preview It 
Editor Functions 
Figure 3.20 BathICON 
1234 
1 1i111 
L. J_LJ_L- 1_ I- .J 1- J 
11 11111 
I- J_LJ_L - -1 1_1 
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a. Structured Mesh 
b. Unstructured Meshes 
Blanked Cells 
Figure 4.1 Structured and Unstructured Meshes 








































Figure 4.5 Star-CD Boundary, Cells. 
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Figure 5.1 Layout and Numbering Convention Applied to 'Y' Junction 
Pressure 
Unknown Pressure Profile 
K due to Presence 
of Junction 
Junction 
Inlet Leff I Outlet Leg 
Distance Along Test Line 
Figure 5.2 Pressure Profile due to Presence of 'Y' Junction 
Pressure ley 2 
hi 
ley 1 h2 h3 
Distance Along Test Une 








Y Junction To Drain 
Viewed From Above 




Figure 5.4 Schematic Diagram of 'Y' Junction Test Rig 
Outlet Pressure Tappings 
Outlet Settling Length 
nction 
Inlet Pressure Tappii ý Pressure Tappings 
Figure 5.5 Test Section and Settling Lengths 
Centre Unes of 
I _w. /N__.. I. _ ýIw wL' Clwv üJw Iwlw" D:... 
Figure 5.6 Flow Rate Throttling Clamp 
SECTION ON A-A ., 
Figure 5.7 Layout of Pressure Tappings 
Clamping Bolts 
Lower Clamping Block 
A-3 
Simple Inclined Manometer 
15' 








Inlet Data Points 
Outlet Data Points 
Data Points Ignored 
Distance along test line 
Figure 5.10 Illustrative Pressure Gradient 
Figure 5.11 Two-Dimensional CFD Y Junction Model. 
Figure 5.12 Three-Dimensional CFD'Y' Junction Model. 
Da.. nAa.., 
Figure 5.13 Boundary Regions for Two-Dimensional 'Y' Junction. 
Figure 5.14 Boundary Regions for Three-Dimensional 'Y' Junction. 






Tolerence Band Best Fit - 
Figure 5.15 Loss Coefficient Data for 300 'Y' Junction 
0.2 0.4 0.6 0.8 1.0 
Flow Ratio Q1'°3 
CFD result + Rig result 








0.2 0.4 -10.6 0.8 
Flow Ratio Q, /Q3 
Miller's Data * CFD result + Rig result A 
Tolerence Band Best Fit -- 
Figure 5.16 Loss Coefficient Data for 60' 'Y' Junction 










0.2 0.4 0.6' 0.8 -1.0 
Flow Ratio Q1/03, 
Miller's Data *- '- CFD result +- Rig result A 
Tolerence Band 'Best Fit 
1.0 
Figure 5.17 = Loss Coefficient Data for 90' 'Y' Junction 







0.2 0.4 0.6 0.8 1.0 
Flow Ratio Q, /Q3 
Miller's Data * CFD result + Rig result A 
Tolerance Band Best Fit 
Figure 5.18 Loss Coefficient Data for 120' 'Y' Junction 
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Flow Ratio Q1/03 
Miller's Data * CFD result + Rig result 0 
Tolerance Band Best Fit 















0 0.2 0.4 0.6 0.8 1.0 
Flow Ratio 0,103 
30' - 60' 90' -------- 120' 150'-- 
Miiier's Data * 
Figure 5.20 Summary of Loss Coefficient Data for all 'Y' Junctions 
Miller's Data and Test Rig 
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Miller's Data 
Figure 5.21 Summary of Loss Coefficient Data for all 'Y' Junctions 
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Ql/Q3 
-- Miner's Data --- Rig Results 
Figure 5.22 Constant Loss Coefficient Plot for all 'Y' Junctions. 
Pressure 
Projected h, based on rusty 
pressure gradient 
-Projected h3 based on rusty 
pressure gradient 
Steel Inlet Pine Perspex Junction Steel Outlet Pipe 
Distance along test line 
Clean Steel Pipe and Perspex -------- Rusty Steel Pipe Pressure Gradient Pressure Gradient 
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Junction Angle (d. grNs) 
120 150 
Figure 5.28 Difference of Loss Coefficient for a 'Y' Junction with a Flow Ratio 
of I to equivalent Mitre Bend. 
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Figure 6.1 Typical Suter Curves 
. ý 
Figure 6.2 Typical Wing Tank Structure 
Area 
Height 
Figure 6.3 Typical Area Height Curve With Integration 
Spacing Superimposed 
Engine Feed Outlet 1808mm 
Refu 
Figure 6.4 Modelling of Multiple Inlets and Outlets on a Flowmaster Tank Model. 
11 234S 
a 
Figure 6.5 Six Port Tank Inlet/Outlet Model. 
Figure 6.6 Network to Determine Effects of Diffuser'Models. 
a. Discrete Loss Model. 
Figure 6.6 Network to Determine Effects of Diffuser Models. 
b. Orifice Model. 
Figure 6.7 NACA Intake and Surge Tank Inlet Loss Characteristic. 
Velocity (m/s) 
a. Network. 
Maximum value was 6.465 (bar) at 2.40 (s) 
Minimum value was 1.624 (bar) at 4.40 (s) 
Pressure (bar) at node 2 v 13 
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Time (s) 
b. Resultant Pressure Surge at Valve Face. 
Figure 7.1 Pressure Surge in a Straight Pipe. 
a. Network 
Maximum value was 7.600 (bar) at 8.40 (s) 
Minimum value was . 
0.303 (bar) at 3.40 (s) 
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Time (s) 
b. Resultant Pressure Surge at Valve Face. 
Figure 7.2 Pressure Surge in a Branched Network. 
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Maximum value was 9.56E+01 (psi) at 1.156 (s) 
Minimum value was 2.20E+01 (psi) at 0.002 (s) 
Pressure (psi) at node 57 v0003 
100.000 --1T-r-I_ý-T 
--I--I- - -I-4--I--1--l- 
_LJ_ -! -I-! -i -I-! -! 
ýIII I- I- I -I 
--r-I -r t--I--r--r-r-t-i 
30.0ß 







0.000 7.000 4.000 
Time (s) 
Figure 7.7 Pressure Surge Modelled with the Method of Characteristics. 
Maximum value was 9.37E+01 (psi) at 1.160 (s) 
Minimum value was 2.20E+01 (psi) at 0.000 (s) 
Pressure (psi) at node 57 v0004 
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gradient = -p a 
Pressure Loss F 
Through Va IV* 
at time 4L/a Pressure Loss 
Through Valve 









Figure 7.10 Simplified Graphical Pressure Surge Analysis 
n-2 n-1 n n+t 
Tip Tank 
Figure 7.11 Typical Simulation Network for Modelling Emergency Descent. 
20.000 
I. 
--I--I-I-`-I ------- Outer Tank -' 
---------- Inncr Tank 
- -- -}- - -}- -- -{-. -. +. - -}- -+. 
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- '{ Atmosphere 
d 
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Figure 7.12 Typical Pressure Differentials due to an Emergency Descent., 
Engine Burn Engine Burn 
Left Inner Tank Right Inner Tank 
""i Engine Dswsnd 
Engine Don" ... 
Inlet Valve Inlet Vs1w 
Refuel Wfwl 
R. strlot, or Wstrictor 
Centre Tank fi( 
Cent. r. Tank 
Transfer Purim IPTP Transfer Punp 
Cw*" Tank 
Figure 7.14 Analysis Network for Centre to Inner Tank Transfer. 
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a. Volume of Fuel In Tanks. 
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b. Flow Rate Through Inlet Valve. 
Figure 7.16 Centre to Inner Tank Transfer. Both Tanks Full at Start of Analysis 
0 10 20 30 40 
o 10 20 30 
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x10 
a. Volume of Fuel In the Tanks. 
Flor rate (Urdn) 
x10 
51 
0 10 20 - 
b. Flow rate Through Isolation Valve. 
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Figure 7.17, Centre to Inner Tank Transfer, Centre Tank Empty Inner Tank Full 
at Start of Analysis. 
o to 20 
Rieht Mine Too k 
Loft Y 
Figure 7.18 Typical Flight Profile Simulation for a 
Meduim Capacity Civil Aircraft. 
Volutie (L) 
X10 
30. Contra tank wolune _ 
Left inner tank volune --"--- 
Right inner tank volune °-- 





Figure 7.19 Typical Transfers for an Engine Failure. 
Figure 7.20 Typical Engine Feed Analysis Simulation Network 






















































Flow rate (Igph) 
Jet pump pick-up 
S. gwnc. valves 
Figure 8.1 Engine Feed System. 
imp T Jet pump 
I Defwl I transfer 
valve twin actuators 
(ground only) 
Cross feed 
valve twin actuators 
Remote pick-up (all pumps) 
Jet pump pick-ups 
Figure 8.2 Combined Boost Pump and Sequence Valve Characteristic. 
3 WING TANK CENTRE TANK 
--------------------------- ----------I 
iI 
Sequence Valve Q Remote Pump Inlet - Simulated Jet Pump J` Motive Flow Line 
® Non-Return Valve 
A Gravity Feed Inlet -41(- Return Fuel 
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Figure 8.4 Engine Feed Remote Inlet. 







Flow Rate (Igph) 






Mean Velocity (m/s) 
Figure 8.7 Engine Feed Boost Pump Outlet Non-Return Valve Characteristic. 
Mean Velocity (m/a) 
Figure 8.8 Engine Feed Sequence Valve Characteristic. 
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Sequenoo Valve 
Saqu. now Valve 
Simulated Jet Pump Bleed 
Simulated Jet Pump Blood 
4' Inboard Wing Tank Pump Outboard Wing Tank Pump 
Remote Pump Inlet Gravity Feed Inlet Remote Pump Inlet 
Figure 8.12' Simulation Network for Wing Tank Engine Feed System. 
-''- 1 
Simulated Jet Pump Blood Simulated Jet Pump Blood 
CL Outboard Wing Tank Pump CL Inboard Wing Tank Pump 
J 
DD 
Remote Pump Inlet Gravity Food Inlet Remote Pump Inlet 
Figure 8.13 Simulation Network for Wing Tank Engine Feed System 
Without Sequence Valve. 
sequence Valve 
Sequence Valve 
Simulated Jet Pump 
Blood 
IJ 
Simulated Jet 116 Outbwr'Wing 
Pim p Blood Tank Pump Inboard 
Win 
a. Tank Pump 
jet Pump Bleed uns 
Remote Pump Inlet Gravity Food Inlet Remote Pump at Remote Pump Inlet 
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Jst Pump BI.. d 
Remote Pump Inlet Gravity Feed Inlet Remote Pump Inlet 
( 
Remote Pump Inlet 
Wing Tank -Centre Tank --º 
1 
Figure 8.15 Simulation Network for Engine Feed System, Without Sequence, Valve. 
Inboard Pump Pressure Outboard Pump Pressure 
Figure 8.16 Constant Flow Rate Characteristic of Inboard and Outboard Pumps 
Pressure Solution 1 
eg. 100% flow 
from outboard 
Solution 2 




eg. 100% flow 
from inboard pump 
Characteristic 
Flow Rate 
Figure 8.17 Illustrative Tri-Stable System Curve and Single Pump Curve 










Fuel Step Across the Partition 
Aft Cell Fuel Surface 
Figure 8.19 View From Wing Root Outboard Showing Fuel Step Across the Partition 
Pressure (bar) 
4. 




0 500 1000 1500 
Flow Rate (L/min) 
Figure 8.20 Presure, Flow Rate Characteristic of Refuel Supply. 
Figure 8.18 Refuel System for a Partioned Tank. 
Rft Restrictor 
Modal of "V 
Pressure, Flow rate jk Forward Restrictor 
CharecteristLc 
Q Rft Partition 
For-ward Partition 
Figure 8.21 Simulation Network for Refuel System of a Partitioned Tank. 
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Figure 8.28 Modification to Diffuser End Gap. 
Figure 8.29 Modification of Three-Dimensional 'Y' Junction 
to Represent a Straight Through Branch. 
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o Aircraft results + Simulation Results 






o Aircraft results + Simulation Results 
b. 35mm Forward 20mm Aft Restrictor. 
Step (cm) 
Figure 8.32 Fuel Steps Across the Partition 
Time (min) 
o Aircraft results + Simulation Results 
c. 36mm Forward, 19mm Aft Restrictor. 
Time (min) 
o Aircraft Results + Simulation Results 








O Aircraft Results + Simulation Results 
c. 36mm Forward, 19mm Aft Restrictor 
Figure 8.33 Fuel Steps Across the Partition 




o Aircraft Results + Simulation Results 
b. 35mm Forward, 20mm Aft Restritor. 
